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PREFACE 


1 


This  report  contains  the  edited  transcripts  of  the  Review  of  Progress  In  Quantitative  NDE  held  at  the 
Scripps  Institution  of  Oceanography,  July  17-21,  1978.  The  Review  was  sponsored  by  the  Advanced  Research 
Projects  Agency  and  the  Air  Force  Materials  Laboratory  as  a part  of  the  Interdisciplinary  Program  for 
Quantitative  Flaw  Definition,  Contract  No.  F33615-74-C-5180.  Arrangements  for  the  Review  were  made  by 
the  Science  Center,  Rockwell  International,  host  organization  for  the  Interdisciplinary  Program,  and  the 
Scripps  Institution  of  Oceanography,  Or.  William  A.  Nierenberg,  Director. 

The  format  selected  for  this  review  was  the  same  as  that  adopted  for  the  previous  meeting  at  Cornell 
University.  This  format  Included  a number  of  poster  sessions  In  addition  to  the  more  traditional  techni- 
cal sessions.  It  has  been  found  that  the  poster  sessions  provide  a good  way  to  acconnodate  the  Increased 
activity  In  this  field  while  maintaining  a forum  that  Is  highly  conducive  to  technical  Interchange.  As  a 
further  means  of  stimulating  this  exchange,  a number  of  papers  were  Included  which  are  directly  related  to 
the  principal  technical  Interests  of  ARPA/AFML  program  even  though  they  were  not  directly  sponsored  by 


The  program  emphasized  several  areas  of  progress  In  quantitative  NDE.  In  addition  to  the  work  In 
quantitative  ultrasonics,  which  has  been  a main  program  activity,  new  work  In  quantitative  eddy  current 
research  and  the  methodology  for  the  generation  of  rational  accept/reject  criteria  were  reported.  In  all 
these  areas,  strong  emphasis  Is  placed  upon  the  physical  Interpretation  of  the  quantitative  measurements 
and  their  evaluation  In  terms  of  appropriate  failure  models.  A session  was  also  devoted  to  the  presenta- 
tion of  work  being  pursued  In  reducing  research  results  to  practice,  some  of  which  Is  now  beginning  to 
flow  from  earlier  work  In  the  ARPA/AFML  program  as  well  as  from  other  sources.  This  technology  transition, 
as  well  as  the  research  lead  that  Is  being  developed,  are  both  considered  to  be  Important  products  of  this 
program. 


Dr.  James  S.  Kane,  Associate  Director  for  Basic  Energy  Sciences,  Department  of  Energy,  gave  an  excel- 
lent overview  on  the  Importance  of  NOE  1n  energy  systems.  In  his  presentation,  which  is  Included  In  these 
Proceedings,  he  Identified  several  areas  of  NDE  activity  which  are  of  significance  to  the  DoE  In  establish- 
ing safe  and  reliable  energy  systems  at  minimum  cost.  It  Is  felt  that  this  cross-stimulation  with  the 
ARPA/AFML  work  Is  highly  beneficial  for  all.  for  there  are  many  areas  of  commonality  In  which  a problem 
solution  generated  In  one  program  may  benefit  other  programs  of  national  Interest.  A series  of  short 
overviews  of  ongoing  NOE  research  activities  was  given  by  a number  of  guests  from  overseas.  These  over- 
views also  provided  a beneficial  cross-stimulation. 


The  organizers  of  the  Review  wish  to  acknowledge  the  financial  support  and  encouragement  provided  by 
the  Advanced  Research  Projects  Agency  and  the  Air  Force  Materials  Laboratory  and  the  technical  participa- 
tion of  members  of  the  Materials  Research  Council.  Special  thanks  are  due  to  Dr.  Kane  for  his  overview. 
The  organizers  also  wish  to  thank  speakers,  session  chairmen,  authors  of  poster  presentations,  and  parti- 
cipants who  collaborated  to  provide  a stimulating  meeting.  They  wish  to  acknowledge  with  thanks  the 
assistance  of  Mrs.  Diane  Harris  who  managed  the  organizational  matters  of  the  meeting,  Mrs.  Nadine  Brink- 
man  for  her  assistance  at  the  meeting,  and  Mrs.  Carmen  Byrne  and  Mrs.  Sarah  Berqmann  for  the  preparation 
of  the  Proceedings.  They  are  also  Indebted  to  the  management  of  the  Scripps  Institution  of  Oceanography, 
particularly  Dr.  William  Nierenberg  and  Mr.  Nelson  Fuller,  and  to  Mrs.  Shlrlee  Long.  UCSD,  for  their  co- 
operative support  In  the  conduct  of  the  meeting. 
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THE  DARPA  INVESTMENT  STRATEGY  IN  QUANTITATIVE  NDE 


Michael  J.  Buckley 

Defense  Advanced  Research  Projects  Agency 
Arlington,  Virginia  22209 

ABSTRACT 

Some  of  the  contributions  that  quantitative  NDE  may  make  In  support  of  the  mission  of  the  Department 
of  Defense  are  presented.  In  addition,  the  general  DARPA  Investment  criteria  Is  reviewed  along  with  the 
current  and  possible  future  directions  of  the  DARPA  NOE  program. 


INTRODUCTION 

This  morning  I would  like  to  attempt  to  pro- 
vide you  with  some  Insight  Into  the  quantitative 
NDE  program  supported  by  the  Defense  Advanced 
Research  Projects  Agency.  Specifically,  I will 
address  the  following  areas; 

1.  A personal  view  of  the  potential  role  of 
quantitative  NDE  on  the  mission  of  the  Department 
of  Defense  or  why  Invest  In  NDE? 

2.  A discussion  of  the  criteria  by  which  we  make 
our  research  Investments  In  this  area. 

3.  A short  overview  of  our  present  program,  and 

4.  Some  of  the  future  directions  and/or  oppor- 
tunities that  this  program  must  address  In  the  not- 
too-dlstant  future. 

WHY  INVEST  IN  NDE? 

This  subject  could  easily  form  the  basis  for 
an  extensive  monolog  If  not  a large  book;  however. 
If  you  will  permit  me  to  present  a rather  simplis- 
tic, eclectic  rationale,  I believe  I can  relate 
progress  In  NDE  to  our  overall  military  capability. 

The  Initial  budget  request  for  the  Department 
of  Defense  for  FY79  may  be  displayed  In  a simpli- 
fied manner  as  Inputs  consisting  of  allocations 
for  RDT&E,  Procurement,  Operation  and  Maintenance 
and  Military  Pay  and  outputs  consisting  of  Strate- 
gic, General  Purpose  and  Airlift  and  Sealift 
forces. 

However,  the  effectiveness  of  the  outputs  of 
the  Department  of  Defense,  I.e.,  the  military 
forces)  are  significantly  reduced  due  to  scheduled 
and  unscheduled  maintenance.  The  availability  of 
weapons  systems  certainly  varies,  but  an  overall 
estimate  of  70%  would  not  be  unreasonable.  There- 
fore, we  are  not  obtaining  perhaps  30%  of  the 
military  capability  achievable  if  all  our  systems 
were  failure  and  maintenance  free.  Clearly,  If  we 
could  predict  the  failure  of  systems  and  schedule 
the  necessary  maintenance,  we  should  be  able  to 
Increase  the  availability  of  weapons  systems  and 
achieve  a significantly  enhanced  military  capa- 
bility for  the  same  or  possibly  lower  defense 
costs.  In  addition,  the  ability  to  predict  failure 
has  a major  Impact  on  all  of  us  in  Its  Intrinsic 
ability  to  Increase  the  safety  of  systems,  such  as 
aircraft,  automobiles,  nuclear  reactors,  etc. 

We  have  also  learned,  in  principal,  how  this 
technology  may  play  a key  role  In  minimizing  life 
cycle  costs  by  permitting  us  to  make  conscious 


trad  jffs  between  acquisition  and  in-service  relat- 
ed costs.  Conceptually,  there  Is  an  optimum 
Inspection  criteria  that  minimizes  the  total  life 
cycle  cost  of  a component  by  minimizing  the  sum 
of  the  manufacturing  and  failure  related  costs. 

The  major  technical  challenges  limiting  the 
application  of  this  methodology  Include  the  prob- 
lem of  obtaining  the  necessary  data,  such  as  the 
Initial  flaw  distribution,  required  for  the  calcu- 
lation of  the  probability  of  failure,  as  well  as 
the  practical  problem  of  assigning  reasonable 
failure  related  costs. 

In  suimiary,  we  have  two  major  reasons  for 
Investing  In  the  development  of  a quantitative 
NDE  capability:  the  potential  of  Increasing  the 
reliability  and  availability  of  weapons  systems 
and  as  a necessary  component  In  a life  cycle  costs 
minimization  effort. 

As  pointed  out  In  a recent  NMAB  report,  the 
cost  savings  possible  with  advanced  NDE  will  not 
be  obtained  by  reducing  the  already  small  direct 
costs  currently  associated  with  Inspection,  but 
rather,  by  taking  advantage  of  the  leverage  this 
technology  provides  In  developing  a holistic 
approach  to  life  cycle  management. 

INVESTMENT  CRITERIA 

Now  I would  like  to  discuss  briefly  our 
research  investment  criteria  at  DARPA  and  the 
scope  of  our  technical  Interests  in  this  area. 

We  must  ask  ourselves  four  basic  Investment 
questions  before  Initiating  any  new  program  at 
DARPA.  They  are: 

1.  What  are  your  trying  to  do  (objectives  In 
terms  of  today's  capabilities)? 

2.  What  makes  your  approach  unique  (reasons  for 
confidence  in  view  of  risks)? 

3.  Assuming  success,  what  difference  will  It  make 
(translation  of  technology  Impact  - market  Question)? 

4.  When  can  we  expect  results  and  how  much  will 
It  cost  (milestone  plans)? 

In  addition,  it  should  be  noted  that  DARPA  Is 
charged  with  fulfilling  the  corporate  or  central 
research  function  for  DoD  and  does  not  generally 
support  programs  that  may  only  Impact  one  of  the 
Services  or  is  aimed  at  solving  a specific  Service 
problem. 
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In  the  area  of  NOE,  we  do  not  support  programs 
that  are  aimed  at  Increasing  the  sensitivity  of 
non-quant itative  NOE  techniques  or  reducing  the 
cost  of  using  conventional  NOE  procedures.  Rather, 
our  efforts  are  focussed  on  developing  and  demon- 
strating a quantitative  measurement  capability  so 
that  we  will  have  a rational  basis  for  making 
accept/reject  decisions. 

There  is  one  other  major  consideration  that  I 
personally  look  for,  and  that  is  a champion,  a 
person  who  is  comnitted  to  achieving  the  goals  of 
the  program  and  has  comnitted  his  professional 
career  to  that  end.  The  next  most  important 
attribute  is  good  communication  between  the  spon- 
sor and  the  research  performer.  All  too  often, 
we  do  not  achieve  the  desired  objectives  because 
they  were  never  fully  understood  by  both  parties. 

THE  PRESENT  DARPA  PROGRAM  IN  NDE 

The  present  OARPA  supported  program  in  NDE 
primarily  utilizes  ultrasonics  or  stress  wave 
propagation  to  inspect  a structure.  The  decision 
to  emphasize  one  technical  approach  was  a con- 
scious one  in  that  it  was  decided  that  ultrasonics 
has  the  greatest  ultimate  potential,  and  the  area 
of  greatest  interest  in  research  laboratories.  It 
was  also  decided  that  we  would  not  disperse  our 
resources  among  too  many  approaches  in  order  to 
minimize  the  possibility  that  not  meeting  the 
objectives  was  due  to  financial  rather  than  tech- 
nical limitations. 

The  program  we  are  reviewing  at  this  meeting 
has  formed  the  core  of  Our  investment  in  the  NDE 
science  base.  Perhaps  the  greatest  achievement 
of  this  program  is  that  NDE  now  is  a reasonably 
acceptable  area  in  which  to  perform  research.  The 
Joint  support  of  this  research  by  DARPA  and  the 
Air  Force  is  precedent-setting  and  I believe  has 
significantly  contributed  to  the  overall  success 
of  this  effort.  Since  this  meeting  is  the  tech- 
nical forum  in  which  this  program  is  reviewed,  I 
will  not  attempt  to  outline  the  objectives  and 
scope  of  this  program.  We  have  enlarged  the 
initial  scope  of  the  program  somewhat  in  that  we 
now  have  a growing  effort  utilizing  electro- 
magnetic inspection  techniques  for  surface  flaw 
characterization.  Hopefully,  in  this  program,  we 
will  develop  methodologies  that  will  permit  us  to 
use  whatever  combination  of  techniques  is  necessary 
in  order  to  obtain  the  required  data  for  the 
characterization  of  structural  defects. 

We  have  increased  our  investments  in  demon- 
stration test  beds  significantly  in  the  last  year. 
We  are  now  supporting  an  engine  disk  "retirement 
for  cause"  study  with  Failure  Analysis  Associates, 
as  well  as  two  ultrasonic  test  beds;  one  with  the 
Rockwell  Science  Center  and  the  other  with  Adap- 
tronics  and  Battel le  NW.  There  are  more  detailed 
presentations  scheduled  during  this  meeting  on 
each  of  these  programs.  So  once  again,  I will 
defer  to  other  speakers  for  a detailed  discussion 
of  the  objectives  and  approaches. 

Another  program  that  will  be  presented  during 
this  meeting  is  one  with  Battelle  NW  to  develop 
an  inflight  Acoustic  Emission  System  for  use  on  an 
Australian  Air  Force  Jet  trainer. 


will  have  the  capability  of  replacing  conventional 
"A"  scan  pulse  echo  systems  for  a wide  variety  of 
applications. 

The  DARPA  investment  in  NDE  has  been  growing 
rapidly.  In  FY  7S,  the  NDE  program  was  funded  at 
slightly  less  than  $600,000  while  in  FY  79,  the 
program  has  grown  to  an  expenditure  rate  of  over 
$2,500,000  per  year. 

FUTURE  DIRECTIONS/OPPORTUNITIES 

In  the  following  discussion  of  future  direc- 
tions, it  must  be  understood  that  there  are  many 
technical,  financial  and  institutional  issues  that 
could  cause  a radical  change  in  our  program.  How- 
ever, at  this  point  in  time,  I can  describe  how  I 
see  this  program  evolving. 

Our  support  for  the  NDE  Science  Base  1 see 
focusing  to  a large  degree  on  coupling  the  NDE 
measurement  tasks  with  the  "effect  of  defects" 
area.  The  program  that  Tony  Evans  will  present  on 
the  NDE  of  ceramic  components  is  one  example  of 
the  type  of  program  I would  like  to  see  for  all 
structural  materials.  I believe  it  is  time  we 
broke  down  the  artificial  barriers  between  the  NDE 
and  life  prediction  or  fracture  mechanics  community 
and  developed  a new  technology  base  that  can 
actually  be  utilized  for  quantitative  life  prediction 

The  insights  necessary  to  develop  and  imple- 
ment rational  accept/reject  criteria  will  only  be 
developed  by  a collection  of  a few  individuals 
willing  and  able  to  chart  new  areas  in  materials 
sciences.  We  are  going  to  have  to  work  closely 
with  the  Services  to  arrange  for  tri-Service 
support  of  this  program,  since  DARPA,  by  its 
charter,  cannot  institutionalize  research  and  that 
is  Just  what  is  needed  today. 

I expect  our  Investments  to  shift  more  towards 
the  demonstration  test  bed  area  in  such  areas  as 
engine  disk  retirement  for  cause,  inflight  moni- 
toring, and  in  process  inspection  and  control. 

There  is  one  additional  horizon  or  goal  that 
deserves  special  mention  - and  that  is  the  coupling 
of  a quantitative  life  prediction  capability  into 
the  design  phase.  It  is  clear  that  we  gain  the 
greatest  benefit  at  the  least  cost  by  making  the 
"right"  design  initially.  How  do  we  incorporate 
advanced  manufacturing  methods,  NDE  capabilities 
and  inspection  intervals  in  the  design  process, 
so  that  we  can  be  confident  of  obtaining  a given 
level  of  reliability  for  a system  in  the  design 
phase,  rather  than  only  after  it  is  deployed.  We 
are  still  seeking  the  ability  to  manufacture 
Oliver  Wendell  Holmes'  "one-hoss  shay." 


He  are  planning  to  initiate  a program  to 
develop  a portable  ultrasonic  imaging  system  that 
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ov«i)i«iol  nnU  m4  liiC  niuiun  tututloim.  aaJ  •taoiui , Co  |tiovia«  ii«»w  t«ohm»lo|cv  to  nni»w  1I10  ot  Mote 

iluidble  eiul  higher  pertorMatue  equ I tHneiU  . The  Im  k ot  a mature  NI»K  leruuolitgv  baae,  couplea  with  Ulent  1 
t table  lutute  needa,  nei'eaallatea  a long  term  eowmltiuenC  to  |>iovlilliig  genetic  ca|>abl  1 1 1 tea . Howevei  , the 
eeverllv  ot  |Meaent  day  |'ri*blema  and  the  high  |»avolt  wlilch  wuild  leaull  1 1 imi  Ihrli  aolulltMt,  tieatea  a 
etiong  demand  toi  (Mogiama  aimed  at  ahoit  teiw  reaiiUa.  The  attempt  by  the  Hateilala  labiMaloiy  to 
balance  theae  competing  demanda  will  be  dlac\iaa«Hl.  In  addition,  a potential  application  ot  tpiant  It  at  Ive 
Nl'K  to  an  Air  Korce  problem  will  be  dlaittaaeil  In  teima  ot  the  NUK  lequliementa  and  poaatble  benetlta. 

Vhla  will  lllnatiate  the  neceaallv  ot  maintaining  the  ettort  ti»  develop  the  teclnutlogv  baae. 


1 wtutlil  like  tit  welcitrae  Vi>ti  li>  thla  meeting  itn 
beha  1 1 ot  Che  Air  Kitice  H>iteriala  l.abitt  atitt  v . I'hla 
la  Che  tiuirth  annual  levlew  ot  thla  piitgiam  and  I 
miiat  aav  that  the  plitgiraa  which  haa  been  luaile  itver 
the  laat  titiii  yeai  a haa  been  dramatic.  I attended 
the  tliat  meeting  back  In  V4  aa  a member  itt  the 
Univeialtv  leaearch  Cittmunnltv  who  waa  |iia(  beginning 
Witrk  In  the  Nitmleat  rtict  Ive  Kvaliiatlon  1NI>K)  tleld. 

Mv  maliti  Impreaaiitn  ttom  that  meeting  waa  that  Nbb 
waa  a field  with  many  hitrienditua  piactlcal  pritblema 
and  very  little  In  the  way  ot  a ailentltli  ti>unda- 
t Ion  titr  Cite  tei'hnli|uea  uaeil. 

Dili  Ing  the  tom  yeara  iit  the  AKl‘A/A^’Ml  pio 
gtani’a  exlaCein  e,  algnlt  leant  pit'greaa  haa  been 
made  In  conatrucllng  a aclence  baae.  beyoihl  the 
tei'hnli'al  ailvaiuea,  the  aaaembly  v't  a mu  1 1 Iti  1 ai' 1 •> 
pllnary  reaeatch  gtitup  I rtMu  the  univeialty  and 
liuluatrlal  Citimnunl  I lea  deVitled  to  (tie  deve  litpinent 
ot  the  NDK  aclence  baae  liaa  been  a ma)i»i  acli  levement . 
I'hla  la  In  iitntraat  (o  (lie  teaearcli  along  dlaclpll 
naiv  llnea  which  waa  tlie  tuttm  pi  ii«i  to  (tie  Incep^ 

( liMi  iit  thla  pi  iigi  am . 

Aa  an  example  i<n  (tie  (eitnilial  aide,  we  tiave 
priigreaaed  t liini  attempting  to  ipiant  Hat  Ively  pie 
diet  acatterlng  t roiu  Individual  miidel  detevln  to 
t tie  point  wtieie  we  are  luiw  addreaalng  the  Inveiae 
pioblem,  l.e.  the  deacilptliiti  >d  tlie  aitiiti  e geome 
try  tiiim  a limited  kniiwledge  (it  (tie  acatteied  ultia 
aitnlc  tlelda.  'llie  next  atep  la  ((>  Inlegtate  I tieae 
reanita  liitii  new  Ciiinpiinent  life  management  coiuepta 
In  an  ettiHt  to  obtain  gie.tter  lellablllty  and 
liiiiget  aei  vlce  I lie  toi  alii  rat  t C(Hiipi*nen(  a . 

In  (Ilia  talk,  I wiinl.t  like  to  tiiletly  toiiiti  (*11 
(lie  cliangea  whUti  will  liave  t(i  lie  made  t(»r  (lila  pu^ 
giam  to  lemaln  aa  tlie  ciiie  ot  (tie  el  toi  ( to  devel(ip 
tlie  NDt.  aclence  baae.  In  ad\lUliin,  I will  tiv  ivi 
atiiiw  how  (he  progiam  tlta  Into  (tie  (iveiall  AKMI  NDl 
program  and  laatly,  I will  dlacnaa  In  aiiiue  detail 
a piiaalble  applIcatUiii  toi  tlie  (piant  1 1 at  Ive  NDI 
capahilltv  we  are  devel(*pliig. 

For  (Ilia  priigiam  to  aerve  aa  a baae  toi  tntiiie 
advancea  In  NDK,  It  la  eaaentlal  dial  (he  core  be 
maintained  and  preferably  expanded.  I'tie  All  Koiie 
Materlala  l.aboiatiiiv  tiaa  ciimmltted  Itaelt  (ii  main 
talning  Ita  auppiti  t at  leaat  at  (lie  preaent  level 
tor  the  next  aeveial  yeaia.  Koi  an  expanalon  to 


Oi'cui  , iitliei  ageiii'lea,  ancli  aa  the  Aimy  and  Navy, 
will  tiave  to  be  bliingtil  Intii  a CiHil  d Inat  ed  elli*i(. 

At  I he  pieaeiit  time,  a aub(ianel  ot  (tie  Joint  Dltec- 
(itia  ot  1 aborat ii|  1 e»  rtiuiu' 1 1 tiaa  lieen  iliaiteied  ((• 
loiik  Into  (tie  needa  i>t  (tie  Depaitmeiit  ot  Det enae  In 
(he  NDb  tleld.  It  la  piiaalble  tliat  (be  t ei  (iHuiienda 
(Iona  ot  thla  aubpanel  may  leaull  In  expanded  pro- 
giama  In  tuitli  (tie  tiindamentat  and  application  aieaa. 

In  teima  (it  tlie  oveiall  All  Kiiii'e  Hateilala 
I atiiil  at  01  y NDK  ptiigiam,  (tila  piiigiam  la  a matoi 
pall,  but  lUit  (he  largeat  . I'lie  l.aboiatoiy  la  a mla 
aliiti  (iilented  it| gan Wat  liiii  witli  llie  t(*b  (>t  tianal 
(lonliig  tecliii(«l(igy  lnti>  field  uae  aa  well  aa  devel 
(iplng  It.  Aa  aiicli,  a laige  numbet  ot  (*111  pKigiama 
aie  appl  Icat  li*na  (iilented,  dealgned  (i*  aimwei  ali<i|  I 
term  needa  and  (ranaltlon  t ei'lin(*l(igy  Into  I tie  tleld. 
rtie  tai  k ol  a matuie  NDK  t e(  liH(» I (*gv  baae,  Iniwevei  , 
leiiulied  (he  ((iiiuti  1 ( ment  (ii  a l«ing  term  tiindamentat 
leaearilt  ettiilt,  aUi  h aa  thla  one,  wtiliti  (be  tab 
i'latiiiy  tiaa  made.  l‘tie  ( (iinpet  1 1 Ion  tielween  l(»ng  an. I 
atiiil  I leim  needa  and  llie  evei  piraent  llmlla  on 
avallalile  t Inane  lal  iea(*uiiea  priidu.ed  t tie  (iVeiall 
plogtam  tOiua  (»n  the  devel(*pment  iit  ulttaaiinli  and 
elect  liimagnet  Ii  teclinlitiiea  wtil>  li  may  be  applied  1 (i 
(*ui  iiiiiat  pteaalng  (•!  (iblema . tin*  laigeat  pi»i  I l(*n  (*t 
AKMI  NDl  tvinda  la  (.  oiu  ent  i at  ed  In  the  Hanot  av  t ui  lug 
lei'tinoliigv  aiea  wbUli  lepieaenta  Itie  tlnal  atep  In 
(lie  pioceaa  (it  I 1 ana  1 ( li'ii  1 ng  (tie  ( ei  liniitiigv 

file  teilinlial  gi*ala  (•(  llie  appl  1(  at  li'iia  etl(‘ita 
ale  pilmailly  tii  lmpi(*ve  the  lellatilllly  (*l  dele« 
t li*n  In  pieaeiit  Inapei  1 li*n  pi(i(eduiea,  am(*ng  wtiUti 
ale  iitliaaiiiilia  and  eddy  ciiiienl.  flila  impi (*veH(«'nt 
1h  needed  t(*  Inauie  tlie  pleaenl  aatelv  ot  ('u*  all 
ctall  and  ((i  atl(*w  I lie  implementation  iit  (lie  (|uaii(  1 
tat  Ive  Nli|  (e(linl(|uea  In  ( (>11  lutu  ( Ion  wltli  life  ex 
(t'llaltin  piiigiamn  In  the  liituie.  Wllti(‘ul  I lie  drtined 
ivllatillllv  Itial  llawa  laigei  Itian  a given  (ill  Hal 
aWe  i .ni  tie  liiiind,  It  makea  little  aenae  to  Imple 
ment  -ioplilal  Hated  (|uant  1 1 at  Ive  le(linH|uea,  aliue 
(lie  pieaenl  aatelv  maigln  In  (tie  atl.iwed  aeivHc 
life  1h  latge  eiuiugli  (««  take  lu((i  aiiount  I tie  liigti 
(iriiliati  Itltv  (if  mlaal  ng  1 he  ama  It  del  ev  t a wti  H ti  hmi  at 
be  deteited  and  meaauted  In  m(*at  life  management 
piiigiama,  A aei  (iiid  I e(|u  1 1 emeiit  t(ii  lmpi(ived  letl 
ability  la  I lie  need  H’  ledine  llie  niimtiei  ot  paita 
wti  1 c ti  ai  e 1 e I e(  I ed  wlieii , In  1 at  1 , I liev  tiave  m*  I I axe* 
pieaeiit.  Wtitle  eiliita  In  t ti  I a * aar  di’  n(*t  atleit 
naletv,  In  many  Inataiuea  tlie  ei(»nomH  (tiat  be(*imea 
pioblblt Ive . 


I 


I wt'ulJ  like  to  take  « nH>r9  dvt«n«d  look  m 
« potential  MppllCMtion  «retf  wh«*r«  « quantitative 
ND(!  capahlllty  la  eaaentlal  to  the  aucceaa  of  the 
propoaed  program.  The  effort  la  referred  to  aa 
Retirement  foi  Cauae.  lt*a  primary  goal  la  to  ea- 
tend  the  aervlce  life  of  engine  componenta»  auch  aa 
dlaka,  whU'h  are  now  retired  after  a fixed  number 
of  fatigue  eye  lea.  Independent  of  any  detection  of 
a relectahle  tl.iw,  at  a point  where  the  probnhl  1 1 1 y of 
failure  la  0.02X.  Thla  lUimber  of  fatigue  cyclea  la 
derived  from  deaign  life  calculatlona  which  aaaume 
the  largeat  flaw  likely  to  git  undetected  la  actu* 
ally  preaent  in  the  part.  Figure  I ahowa  how  the 
aervlce  life  of  the  part  can  be  extended  If  re*- 
liable,  quantitative  NOF  la  available.  If  all 
detectable  cracka  have  length  leaa  than  at  each 
Inapectlon.  and  there  ia  confidence  that  no  cracka 
of  length  greater  Chan  have  not  been  detected, 
the  part  can  be  returned  to  service  with  confidence 
that  the  remaining  life  ahould  be  at  leaat  equal  to 
the  original  deaign  life.  Aa  techniques  Improve, 
it  may  even  be  poaalble  at  some  point  to  put  parta 
back  into  aervlce  with  cracka  Juat  alight ly  smaller 
than  A*  with  the  confidence  that  theae  cracka  will 
not  reach  the  critical  atze,  A^.  before  the  next 
Inspect  Ion. 

The  simple  relationship  between  the  crack  sur> 
face  ItMigth  and  the  component  lifetime  implied  by 
Fig.  1 la  valid  only  for  those  cases  where  the 
aspect  ratio  (*/2c  * crack  dept h/aurf ace  length) 
la  a constant.  In  the  real  world  of  the  alloys 
found  In  engines,  the  aspect  ratio  Is  a variable 
which  must  he  taken  Into  account.  This  la  Ulus'* 
t rated  In  Fig.  2 where  the  crack  growth  as  a 
function  of  number  of  flights  Is  plotted  for  bolt 
hole  cracks  In  the  third  stage  turbine  disk  In  the 
TF"3)  engine.  From  this  figure  one  Immediately 
cornea  to  the  conclusion  that  crack  depth  must  be 
accurately  measured  aa  well  aa  surface  length. 

At  first  glance  It  might  appear  that  we  have 
Identified  all  the  parameters  which  must  he  meas- 
ured by  our  quantitative  NDK  techniques;  however 
thla  la  not  the  case.  Figures  1 and  2 are  ideali- 
zations In  the  sense  that  they  are  valid  for 
elliptical  cracks.  WlUle  real  cracka  may  be 
elliptical,  in  many  cases  they  have  rather  ragged 
biuindartea.  Thla  Is  especial ly  true  In  coarse 
grained  materials  where  relatively  large  cracka 
can  form  as  a result  of  the  link-up  of  many  small 
ones.  As  o\ir  NDF  techniques  Improve,  it  la  anti- 
cipated that  through  an  Iterative  procedure  with 
developments  In  fracture  mechanics  the  esarntlal 
details  of  crack  geometerv  needed  for  remaining 
life  calculations  may  he  Identified  and  the  needed 
techniques  developed. 

Now  let  us  take  a look  at  how  NDK  fits  Into 
the  overall  Retirement  lot  (!auae  strategy.  This 
Is  Illustrated  In  Fig.  3 where  the  current  and 
proposed  malntenanre  flow  charts  are  shown.  As 
was  mentioned  before,  the  present  system  retires 
the  disk  after  onr  design  life  even  If  no  flaws 
are  detected  In  the  part.  It  has  been  estimated 
that  at  least  HSt  of  the  disks  In  one  of  our  new- 
est engines  could  go  tor  more  than  10  design  life- 
times without  failure.  For  the  retirement  for 
cause  program  to  succeed,  the  required  NDK  and 
analytical  techniques  which  are  necessary  to  sep- 
arate this  long  life  HSt  from  the  I which  wtnild 
tall  earlier  must  he  developed. 

In  the  proposed  program,  NDK  ct>mes  Into  the 
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INSPfCTtON  INTFRVAl 

Fig.  1.  Crack  growth  - NDF  relallonahlp  for 
Retirement  tor  Cause  program. 


MINIBLOCKS  (10*  FLIGHTS) 


Fig,  ?.  Crack  growth  as  a function  of  aspect 

ratio  for  )rd  stage  turbine  disk  In  the 
TF-33  engine. 

disk  evaluation  process  In  two  very  Important  places. 
The  first  is  the  Initial  evaluation  of  the  dlak  at 
one  design  lifetime.  Here,  the  disk  is  examined 
for  the  presence  of  cracks.  If  no  flaws  (cracks, 
changes  In  microstructure,  etc)  are  found,  it  may 
be  put  back  Into  service  for  an  additional  lltellme. 

I should  mention  at  this  point  that  it  may  he  neces- 
sary to  also  Inspect  for  mM^dlscrete  defects  such 
as  abnormal  residual  stresses  In  the  part,  which 
may  also  cause  premature  failure.  Dnfoi tunatel v, 
present  residual  stress  measurement  techniques  are 
extremely  poor  except  tor  near  surface  stress 
measurements.  A great  deal  of  progress  wtnild  he 
necessary  In  this  area  before  we  could  say  we  liad 
an  acceptable  method  for  measuring  hulk  stresses. 

In  the  case  where  a crack  Is  found,  accept/ 
reject  criteria  for  the  part  must  be  devel(>pe(l. 

For  cracks  above  a certain  size,  the  disk  will  have 
to  be  rejected,  for  very  small  cracks  It  could  he 
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put  brtik  lulo  in*ivli*u  with  no  rtttmwpl  «t  r«»p4ll. 

In  I h0  Inl  l4t  D It  (hr  IrchnliiurM  4rr 

Mill  ( li' Irnt  tv  ilrvc'lopril,  I tir  pAi't  otuiUI  hr  rrpatrrit 
oi  I r tnvrniil  0il . Attn  thiH  Mtitur  NUK  tmint  4K4t't 
hr  uarJ  to  ilrlrimtnr  (t  (hr  i r tnvrimt  li>n  h44  hrrn 
HiU'i'raHtul  4iul  nt»  4(hlttlon4l  1(41114^0  h4H  hrrn  ln(ti>* 
»hu'0ti , 

In  »«umra4tv,  (hr  Krt  lirmrnt  tor  i'4UMr  piogiani 
iIrpriuU  In  4 rrttUrl  W4V  on  tlir  tlrvrlopmrnt  ot  4 
i0M4hl0  gu4ntlt4(lvr  N1>K  ('4p4hltl(v.  It  will  t»r 
4 vriv  raprnalvr  pro||t4m  ilur  to  (hr  l4t)ir  amount 
ot  trattuK  nmlnt  to  priWUlr  (hr  HtatlattoN,  htit 
thr  potrntlal  pavott  la  ao  t\\Al  It  mav  makr 

(hr  illttririur  hrtwrrn  a auttU-lrntlv  taigr  aiul 
irllahir  All  Kt>ti'r  aiut  4 arvri'rlv  llmitrd  onr  ilnr 
(o  (hr  htith  ooal  i't  ma  ln(  rnainr . I havr  (rlrtl  In 
(hla  tlrarr  Ipt  Ion  ot  tuir  Krt  trrmml  tor  t'anar  pro* 
Kiani  (o  Hlvr  aomr  trrllUK  ot  thr  nrril  tor  a guantl- 
tatlvr  NhK  i-apahtlltv.  Thr  trararrh  paprra  to  hr 
prrarntrii  In  thia  cmitrrrtu'r  will  hi  Ing  ua  up  (%> 
«l4(r  on  tuir  piogiraa  towartl  Ihia  gt^al*  1 h«>pr  von 
will  t liul  (hrw  IntriratIng  aiul  Iravr  with  (Itr 
trriing  (hat  a grrat  ilral  ot  prt>gtraa  haa  hrrn 
maJr  aiul  (hat  tuii  goal  apprara  to  hr  athlrvahlr. 
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PURPOSE  AND  PROGRESS  OF  QUANTITATIVE  NOE 
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ABSTRACT 

In  this  paper  the  purposes  and  benefits  of  quantitative  NOE  are  first  discussed,  emphasizing  the 
"bridging"  that  Is  required  to  couple  the  measurements  to  fracture  mechanics  to  produce  an  Integrated, 
failure  predictive  discipline.  This  discussion  Is  followed  by  a summary  of  highlights  of  the  ARPA/AFML 
program  aimed  at  the  attainment  of  these  goals.  As  a particular  example  of  this  approach  the  building 
blocks  that  have  been  developed  and  which  now  form  the  skeletal  structure  of  a quantitative  ultrasonics 
technology  are  reviewed  and  placed  In  perspective.  The  technical  building  blocks  composing  this  structure 
have  not  only  contributed  to  the  desired  long-term  project  objectives,  but  have  also  led  to  spin-off 
solutions  with  Immediate  applicability  to  current  problems. 


INTRODUCTION 

There  are  two  purposes  for  this  Introductory 
overview.  The  first  of  these  Is  to  describe  the 
general  thrust  and  nature  of  work  of  the  ARPA/AFML 
Program  for  Quantitative  Flaw  Definition  so  that  a 
common  framework  may  be  set  for  the  results  that 
will  be  presented  In  these  proceedings.  Secondly, 
a review  of  some  of  the  highlights  of  the  work 
to  date  is  given.  In  this  review,  emphasis  Is 
placed  upon  the  work  that  has  been  done  In  the 
development  of  a guantitative  ultrasonics  capability 
and  the  "building  blocks"  that  have  systematically 
been  put  In  place  in  order  that  a firm  foundation 
for  an  operative  ultrasonic  technology  might  be 
established.  It  Is  considered  Important  that  the 
reader  have  an  opportunity  to  view  the  “building 
blocks"  In  the  context  of  the  complete  ultrasonics 
structure,  for  In  the  course  of  the  meeting  In 
which  expert  presentations  of  various  elements  of 
work  are  given,  the  overall  structure  may  not  be 
readily  apparent.  It  Is  regrettable  that  time 
simply  does  not  permit  a detailed  review  of  all 
the  work  that  has  been  accomplished  by  the  program 
participants  and  members  of  the  ARPA  Materials 
Research  Council  who  have  contributed  significantly 
to  program  progress  and  whose  contributions  and 
Interest  are  deeply  appreciated.  The  reader  Is 
encouraged  to  seek  further  Information  from  the 
author  or  the  program  Investigators. 

thrust  and  bewf  its 

Even  though  the  research  work  that  Is  embodied 
In  the  ARPA/AFML  program  Is  quite  specific  and 
aimed  at  the  accomplishment  of  certain  goals.  It 
Is  also  useful  and  Important  to  place  this  work  In 
the  perspective  of  a longer  range  goal,  I.e.,  the 
evolution  of  a new,  non-destructive  evaluation 
technology.  The  requirements  for  this  new  technology 
have.  In  fact,  been  set  for  some  time.  Simply  and 
briefly,  they  specify  that  the  new  technology  shall 
contribute  to  the  Improved  safety  and  reliability 
of  components  and  structures  at  reduced  cost,  re- 
quirements which  are  at  first  sight  mutually  In- 
consistent and  unattainable  under  current  capa- 
bilities. It  Is  the  purpose  of  this  section  to 
Identify  and  discuss  the  nature  of  research  work 
that  1$  necessary  to  accomplish  this  evolutionary 
change  In  Inspection  and  evaluation  capabilities  and 
thereby  provide  a framework  Into  which  the  results 
to  be  presented  In  the  next  several  days  (these 
proceedings)  can  be  placed. 


Perhaps  the  most  direct  way  to  compare  existing 
non-destructive  testing  technology  with  the  desired 
non-destructive  evaluation  technology  Is  to  examine 
the  appropriate  definitions  and  to  comment  upon 
their  scope  and  content.  There  are  significant 
differences  that  are  sometimes  lost  In  the  various- 
ly used  acronyms.  According  to  current  practice,' 
definitions  that  are  commonly  (although  not  uni- 
versally accepted)  are  given  In  Fig.  1. 

ND? 


NOT:  "...the  development  and  application  of 

nondestructive  test  methods.,." 


N0|:  "...the  performance  of  inspections  to 

established  specifications  or  prxedures 
using  NOT  methods  to  detect  anomalies." 


NOE:  “ ...the  capability  to  assess  the  state  of 

a material,  a component,  or  a structure 
from  a set  of  quantitative  NOT  measurements 
and  to  predict  the  remaining  serviceability 
of  the  item  In  question  from  these  measure- 
ments when  evaluated  in  the  context  of 
appropriate  failure  models." 

Fig.  1 Variously  used  definitions. 

According  to  these  definitions,  non-destructive 
testing  (NDT)  refers  only  to  the  development  and 
application  of  various  test  methods.  No  emphasis 
Is  placed  upon  an  Interpretation  of  the  results  of 
the  test  and  the  nature  of  the  Interaction  of  the 
probing  technique  with  the  flaw  or  materials  pheno- 
menon In  question.  Without  attention  being  given 
to  this  key  area.  It  Is  Impossible  to  make  judg- 
ments as  to  the  severity  of  the  flaw  In  question 
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and  to  the  assessment  of  the  ahtIUy  of  the  com- 
ponent or  structure  to  perform  an  assigned  mission 
In  Its  presence.  ThU  key  omission  lends  a feeling 
that  the  test  method  per  se  Is  the  Important  ob- 
jective and  not  the  results  to  be  obtained  from  It. 
The  concept  of  non-destructive  Inspection  (NOI) 
extends  the  definition  of  the  NOT  technology  only 
In  the  sense  that  It  prescribes  that  Inspections 
be  performed  In  accordance  with  a prescribed  format. 
This  format  may  take  the  form  of  specifications 
which  relate  to  the  method,  frequency,  or  spatial 
coverage  of  an  Inspection.  However,  the  definition 
contains  no  specification  for  additional  Informa- 
tion that  will  enable  the  requirements  for  Improved 
reliability  at  reduced  cost  to  bf  met  any  more  so 
than  does  the  previous  definition  for  NOT.  On  the 
other  hand,  the  definition  given  for  non-destructive 
evaluation  (NOE)  represents  an  enormous  extension 
In  scope,  scientific  content,  and  ultimate  payoff 
from  either  of  those  given  for  NOT  or  NDl.  There 
are  essentially  three  new  and  Important  concepts 
contained  within  this  definition  that  are  not 
specifically  contained  In  the  other  two.  They  are 
the  concepts  of  quantitative  NOT  measurements, 
the  assessment  of  a flaw's  criticality  In  a mater- 
ial or  component,  and  the  prediction  of  the  remain- 
ing serviceability  of  the  component  because  of  the 
presence  of  the  flaw.  The  Introduction  of  quanti- 
tative test  methods  Is  a.i  essential  Ingredient  of 
the  NOE  test  technology.  Simply,  the  words  mean 
that  the  test  techniques  are  sufficiently  advanced 
so  that  quantitative,  rather  than  qualitative. 
Information  Is  available  concerning  the  target  of 
Interest,  or  flaw.  In  a philosophical  sense,  the 
capability  to  perform  quantitative  measurements 
Is  a first  principle  of  any  scientific  or  engineer- 
ing technology;  without  that  capability,  the  history 
of  science  has  shown  many  times  over  that  It  Is 
Impossible  to  advance  further.  In  turn,  this  means 
that  the  nature  of  the  Interaction  between  the  Inter- 
rogating energy  and  the  target  (flaw)  can  be  under- 
stood In  terms  of  sound  physical  models,  and  further, 
that  the  target  or  flaw  can  be  characterized  and 
evaluated  In  terms  of  appropriate  failure  models. 

A quantitative  requirement  also  means  that  essen- 
tially all  current  NOT  techniques  must  be  advanced 
significantly,  for  none  of  those  In  current  opera- 
tional practice  can  be  classed  as  quantitative. 

The  second  and  third  concept,  given  are  not  com- 
pletely Independent  of  each  other,  and  each  In 
turn  relies  critically  on  the  ability  to  perform 
a quantitative  NOT  measurement.  More  specifically, 
the  assessment  of  a flaw's  criticality  Is  related 
to  the  concept  of  accept/reject  criteria,  I.e.,  the 
set  of  rules  whereby  an  operator  makes  his  decision 
as  to  whether  to  accept  a component  or  to  reject 
It.  Although  the  need  for  rational  accept/reject 
criteria  has  long  been  recognized  as  a necessary 
part  of  the  Inspector's  arsenal,  such  criteria  have 
not.  In  general,  been  recognized  as  adjuncts  de- 
pendent upon  the  development  of  quantitative  test- 
ing techniques.  According  to  the  definition  of  NOE 
given  above  and  as  pursued  In  this  program,  the 
generatlonof  such  criteria  Is  Just  as  essential 
to  the  performance  of  the  NOE  function  as  are  the 
quantitative  measurement  techniques  upon  which  they 
depend.  The  development  of  rational  accept/rejert 
criteria  also  forces  a multidisciplinary  marriage 
between  the  measurement  procedure  and  materials 
scientists  and  engineers,  for  materials  failure 
models  (such  as  fracture  mechanics)  form  the  frame- 
work within  which  the  quantitative  NOT  measurements 
can  be  Interpreted  and  the  flaw  criticality  evalua- 


ted. As  will  be  noted  later.  It  Is  In  fact  the 
combination  of  quantitative  measurement  and  the 
capability  of  characterizing  a flaw  and  Its  criti- 
cality under  specified  loading  conditions  that 
provide  the  "window"  for  maintaining  the  safety  and 
reliability  of  a component  or  system  under  reduced 
cost  conditions. 

In  Fig.  2 Is  given  a schematic  diagram  In 
which  the  concepts  of  quantitative  NOE  discussed 
above  are  shown  In  relation  to  each  other.  The 
Idealized  operational  NOE  function  Is  shown  within 
the  full  circle;  a part  Is  received.  It  Is  Inspected 
by  a quantitative  NOT  technique,  an  appropriate 
physical  property  of  a detected  flaw  Is  extracted, 
a Judgnmnt  Is  made  of  Us  severity  In  terms  of 
analytical  nndels  (perhaps  presented  In  the  form 
of  look-up  tables),  and  the  part  Is  then  either 
returned  to  or  retired  from  service.  Current 
operational  capabilities  are  Indicated  by  the 
hashed  section  of  the  upper  left  quadrant  only 
since  no  capabilities  currently  exist  In  the  field 
for  the  exercise  of  the  quantitative  NOT  measure- 
ment or  application  of  a rational  accept/reject 
cycle.  (As  will  be  noted  later,  this  omission 
leads  to  the  "zero  defects"  accept/reject  rule  In 
which  all  flawed  parts  are  rejected  resulting  In 
excessTv'e  costs.)  Functional  research  topics 
being  pursued  In  the  ARPA/AFME  program  aimed  at 
developing  this  methodology  are  shown  In  labeled 
boxes  both  within  and  to  the  right  of  the  circle. 
Elements  of  these  multidisciplinary  topics  will  be 
presented  and  discussed  In  detail  during  the  course 
of  this  meeting.  Two  exceptions  to  the  above  com- 
ments may  be  noted  In  the  figure.  The  first  of 
these  concerns  the  box  labeled  material  processes 
1m()rovement.  Although  not  a direct  line  Item  In 
the  NOE  function,  this  Is  a most  Important  result 
of  Its  development  and  performance.  Knowledge 
gained  as  a result  of  the  measurement  and  analysis 
of  material  and  component  failure  modes  provides 
the  basis  for  Improvement  so  that  the  failure, 
hopefully,  may  be  eliminated  In  the  first  place. 
Secondly,  the  box  labeled  economic  choice  on  the 
right  side  of  the  figure  Is  not  a line  Item  of  the 
NDE  function  either;  rather.  It  Is  a management 
function.  Its  Inclusion  on  this  figure  IS  con- 
sidered Important,  however,  for  It  Is  through  the 
quantitative  NDE  function  and  Its  utilization  by 
the  designer  that  management  has  a means  to  Inject 
economic  choices  In  the  form  of  cost-risk  trade- 
offs Into  the  operational  cycle. 


Fig.  2.  Methodology  required  to  reach  operational 
requirement. 
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Without  wishing  to  belabor  the  point  regarding 
economic  choice  made  above,  it  may  be  worthwhile 
to  add  a few  comments  in  this  regard  since  the 
relationship  of  quantitative  NDE  to  reduced  cost 
and  predictable  reliability  may  not  be  generally 
realized.  One  schematic  representation  of  these 
relationships  is  given  in  Fig.  3.  In  this  figure 
the  probability  that  a measurement  with  an  NOT 
technique  yields  the  correct  value  of  a physical 
property  a is  plotted  against  the  actual  value  of 
the  property.  At  this  point,  property  a can  be 
considered  general  in  nature,  and  may,  for  example, 
be  as  diverse  in  nature  as  a crack  length,  the 
shape  and  size  of  an  inclusion,  or  a material 
strength.  As  NOT  techniques  are  made  quantitative, 
the  essentially  flat  response  (shown  as  non-quanti- 
tative  capability)  is  changed  to  a peaked  response 
centered  at  the  value  of  the  property  and  with  a 
' “bandwidth"  determined  by  the  error  and  reliability 

I of  the  measurement  itself.  The  effects  of  this 

I quantitative  measurement  upon  the  relative  costs 

of  ownership  of  the  component  or  system,  when 
! evaluated  in  the  framework  of  rational  accept/ 

* reject  criteria,  are  shown  in  the  lower  part  of  the 

figure.  This  cost  curve  considers  two  effects. 

The  first  is  the  unnecessary  cost  of  rejecting 
materials  and  components  when  a detected  flaw  is 
in  actuality  smaller  than  a critical  size  (the 
costly  "zero  defects"  philosophy).  The  second  is 
that  of  costly  component  or  system  failure  which 
may  result  if  the  detected  flaw  is  greater  than  a 
critical  size.  Without  going  into  details,  it  has 
been  demonstrated  (and  it  is  also  somewhat  obvious) 
that  a sharpening  of  the  measurement  capability 
will  produce  a minimum  in  the  cost  curve  at  some 
value  of  the  physical  property  value  of  concern. 
This  value,  of  course,  will  depend  upon  the  mater- 
ials used  in  the  component  and  the  design  require- 
ments placed  upon  the  component.  The  essential 
point  here,  however,  is  simply  to  recognize  that 
the  development  of  the  quantitative  NOE  function 
provides  a basis  for  the  development  of  rational 
cost-risk  tradeoff  strategies. 

The  benefits  to  be  derived  from  evolution 
of  a quantitative  NDE  discipline  and  its  reduction 
‘ to  practice  are  both  numerous  and  far-reaching. 

They  may  be  summarized  by  recognizing  that  quanti- 
tative NOE,  as  defined  above  and  as  pursued  in 
this  program,  provides: 

° Non-arbitrary  "tools  and  rules"  for 
operational  use  with  the  potential 
for  improved  efficiency  and  automation. 

° A rational  basis  for  the  development 
of  more  effective  cost-risk  tradeoff 
strategies. 

° A necessary  building  block  for  the 
development  of  an  effective  predictive 
design  technology. 

It  should  also  be  recognized  that  the  NDE  tech- 
nology as  discussed  herein  can  be  viewed  as  a 
technological  "missing  link"  that  serves  to  bridge 
the  operational  gaps  between  materials  science/ 
engineering,  device  engineering  and  the  physical/ 
mathematical  sciences.  These  mul tidiscipl inary 
components  are  needed  as  elements  of  this  evolving 
technology. 
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Fig.  3.  tost  benefits  of  improved  quantitative 
physical  property  measurement. 

PROGRESS  HIGHLIGHTS 

In  the  first  part  of  this  paper,  a generalized 
view  of  the  thrust  and  goals  of  the  ARPA/AFML  pro- 
gram was  given;  it  is  the  purpose  of  this  portion 
of  this  overview  to  highlight  more  specific  accom- 
plishments that  have  been  gained  during  the  course 
of  the  program.  As  noted  in  the  introduction, 
particular  attention  will  be  given  to  the  work  that 
has  been  done  to  produce  the  "building  blocks"  of 
a quantitative  ultrasonic  capability,  its  coupling 
to  fracture  mechanics,  and  their  organization  into 
an  operative  systems  concept. 

The  research  work  in  the  ARPA/AFML  program  is 
separated  into  three  projects.  Because  of  space 
and  time  limitations,  a detailed  revl'w  of  the  many 
accomplishments  in  these  three  projects  by  the  var- 
ious program  participants  cannot  be  given  here. 
Rather,  a listing  of  the  accomplishment  and  the 
principal  investigator  will  be  given.  The  reader 
is  encouraged  to  seek  details  from  this  and  other 
program  reports  and  from  the  principal  contributors 
and  their  publications.  It  is  to  be  emphasized 
that  key  contributions  have  also  been  made  to  this 
work  bv  members  of  the  ARPA  Materials  Research 
Council  who  are  not  officially  participants  in 
the  ARPA/AFML  program.  In  particular,  it  is  a 
pleasure  to  acknowledge  the  Important  contributions 
made  by  W.  Kohn,  B.  Budianski , J.  Rice  and  R. 
Thomson . 
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Project  I.  - Quantttative  Acoustic  Techniques  for 
Measurement  of  Flew  Parameters. 

- Quantitative  Ultrasonics: 

° Theory  (J.  Krumhansi,  J.  Gubernatis, 
Oomany,  J.  Rose.  J.  Achenbach, 

V.  Varadan) 

“ Sample  development  (N.  Paton) 

° Experimental  procedures  and  data 
acquisition  (B.  Tittmann,  R.  Elsley, 

L.  Adler) 

“ Inversion  techniques  (J  Richardson, 

J.  Krumhansi,  J.  Rose,  N.  Bleistein, 

A.  Hucciardi,  G.  Kino,  K.  Lakin) 

“ Extraction  of  flaw  parameters  that 
permit  "bridging"  to  fracture  mechan- 
ics (J.  Richardson,  J.  Krumhansi.  J. 
Rose,  G.  Kino,  with  key  inputs  from 

W.  Kohn,  8.  Budianski,  J.  Rice,  and 
R.  Thomson) 

- "Stand  alone"  items  available  for  ultra- 
sonic Improvements: 

' EMAT  technology  (R.  B.  Thompson,  C. 
Fortunko,  C.  Vasile,  B.  Maxfield) 

® Inverse  filters  (R.  M.  White) 

° Integrated  transducers  (R.  M.  White) 

° Procedures  and  apparatus  for  trans- 
ducer characterization  (K.  Lakin, 

B.  Tittmann,  R.  Elsley) 

° New  concepts  for  ultrasonic  standards 
(0.  0.  Thompson,  R.  B.  Thompson,  B. 
Tittmann) 

° Variety  of  computer-aided  signal  pro- 
cessing techniques  (R.  Elsley) 

° Acoustic  imaging  techniques  (G.  Kino, 

K.  Lakin) 

Project  II.  - Quantitative  Methods  for  Measurement 
of  Surface  Flaws. 

° Ultrasonic  techniques  for  sizing  and 
determination  of  fracture  mechanics 
parameters  for  surface  flaws  (B.  Auld, 
G.  Kino,  B.  Tittmann.  0,  Buck) 

° Quantitative  eddy  current  development 
(B.  Auld,  C.  Fortunko,  A.  Bahr,  T. 
Kincaid) 

Project  III.  - Techniques  for  Measurement  of 
Strength  Related  Properties  in 
Advanced  Materials 

° Moisture  diffusion  analysis  (Including 
damage  assessment)  for  composites 
(D.  Kaelble) 

° Acoustic  emission  of  composites  and  a 
probable  capability  for  remaining  life 
predictability  (L.  Graham) 


" Development  of  ultrasonic  measurement 
techniques,  including  inversion  proce- 
dures. for  evaluation  of  finished 
adhesive  bonds  (G.  Alers,  F.  Chang, 

K.  Fertiq) 

' Generation  of  accept/reject  criteria 
for  ceramics  (A.  Evans,  J.  Richardson, 

K.  Fertig,  G.  Kino,  R.  Addison,  J. 
Schuldias) . 

° Acoustic  residual  stress  determination 
in  ferrous  materials  (R.  B.  Thompson) 

° Non-linear  ultrasonic  detection  of 
microcracks  in  A1  alloys  (0.  Buck) 

Quantitative  UJtrasonics  -A  goal  of  project  I of 
the  ARW/AFHL  program  has  been  the  development  of 
a fundamentally  correct  structure  for  a quantita- 
tive ultrasonics  technology  that  will  help  alle- 
viate the  various  limitations  of  the  current  tech- 
nology and  which  may  be  coupled  directly  to 
rational  sets  of  accept/reject  criteria  as  noted 
in  the  first  part  of  this  paper.  In  this  section 
the  technical  approach  that  has  been  pursued  will 
be  outlined  together  with  a limited  description  of 
the  various  "building  blocks"  that  have  gone  into 
it. 

The  philosophy  of  the  technical  approach 
adopted  for  the  construction  of  a quantitative 
ultrasonics  capability  is  illustrated  in  Fig.  4. 

A set  of  procedures  were  established  whereby  the 
capability  was  built  up  from  fundamental  building 
blocks  which  began  with  the  development  of  a 
theoretical  understanding  of  the  basic  interaction 
of  the  ultrasound  with  the  flaw.  The  development 
of  approximate  theories  has  been  emphasized  in 
this  program  because  the  number  of  flaw  shapes 
which  can  be  treated  by  exact  techniques  is  ex- 
tremely limited  and  because  of  the  desire  to 
extend  the  work  to  real  flaws  of  complex  shapes. 

A second  major  building  block  involved  the  per- 
formance of  verifying  and/or  guiding  experiments 
on  a set  of  controlled  samples  in  which  flaws  of 
carefully  determined  size  and  shape  were  placed. 
Close  interaction  between  theoretical  and  experi- 
mental work  was  maintained  to  the  advantage  of 
both  in  this  work.  The  third  major  building  block 
in  this  construction  involved  the  development  of 
suitable  and  efficient  inversion  techniques,  i.e., 
those  procedures  whereby  flaw  parameters  are 
extracted  from  the  data.  An  analogy  to  an  integral 
equation  has  been  used.  The  theory  can  be  viewed 
as  the  kernel  of  the  Integral  equation  which  relates 
ultrasonic  measurements  to  physical  parameters  of 
the  flaw.  By  solving  the  equation  by  whatever 
means  is  appropriate,  a relationship  that  predicts 
the  size,  shape,  and  orientation  of  the  defect  in 
terms  of  certain  measureables  can  be  developed. 

The  fourth  major  step  then  comes  in  verifying  that 
these  extracted  values  compare  favorably  with  known 
values  of  the  flaw  parameters.  The  importance  of 
the  precisely  controlled  samples  becomes  apparent 
at  this  juncture.  Finally,  having  determined  the 
flaw  parameters  relative  to  size  and  orientation, 
flaw  failure  parameters  which  are  of  significance 
in  fracture  mechanics  and  failure  prediction  have 
been  attained.  Thus,  a construction  for  a quanti- 
tative ultrasonics  capability  has  been  developed 
which  extends  from  a knowledge  of  the  fundamental 
ultrasound-flaw  interaction  to  a determination  of 
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the  flaw’s  stress  intensity  factor,  a key  parameter 
for  failure  prediction.  Selected  highlights  of 
these  developments  will  be  given  In  the  following 
discussion. 
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Fig.  4 Building  blocks  of  quantitative 
ultrasonic  technology. 

development  of  theoretical  models 
has  been  governed  by  two  considerations.  First,  It 
was  necessary  to  base  the  models  upon  correct  solu- 
tions to  elastic  wave  scattering  problems  In  solids 
as  opposed  to  the  use  of  analogies  to  scalar  models 
developed  for  fluid  media.  An  extensive  literature 
exists  In  the  latter  case  because  of  the  practical 
Importance  In  sonar.  However,  this  Information 
cannot  be  directly  transferred  to  the  solid  case 
In  which  such  effects  as  mode  conversion  play  an 
Important  role.  Second,  approximate  models  have 
been  emphasized.  Exact  solutions  are  available  for 
a few  simple  geometries,  but  these  theoretical 
models  are  not  readily  generalized  to  more  complex 
shapes.  Since  It  Is  the  Intent  to  provide  the 
theoretical  techniques  necessary  for  the  character- 
ization of  real  flaws,  the  model  development  and 
approximations  have  bMn  selected  so  that  they  may 
be  extended  as  needed. 

The  major  theoretical  effort  has  been  per- 
formed at  Cornell  University  by  Prof.  J.  A.  Krum- 
hansl  and  several  students.  They  have  used  an 
Integral  equation  formulation  of  the  scattering 
problem*  and  developed  a series  of  approximate 
techniques.  The  first,  and  simplest.  Is  the  Born 
approximation.*  In  this  approach,  the  Incident 
plane  wave  solution  to  the  wave  equation  Is  used 
as  the  first  approximation  to  the  solution  and  the 
scattered  fields  are  derived  by  substituting  this 
for  the  actual  solution  within  the  Integral.  The 
results  are  rigorously  correct  only  for  weakly 
scattering  defects,  I.e.,  Inclusions  whose  proper- 
ties do  not  differ  too  greatly  from  those  of  the 
host  medium.  However,  the  results  have  been  found 
to  agree  well  with  many  experimental  features  over 
a much  broader  range  of  conditions. 

In  a series  of  papers,*  *’ Krumhansi , Gubernatls, 
Oomany,  Huberman,  Teltel,  and  Rose  have  explored 
a series  of  other  approximations  for  both  three- 
dimensional  volumetric  and  two-dimensional,  crack- 
like flaws.  Included  have  been  the  quasi-static 
approximation  which  gives  the  rigorous  result  In 
the  limit  or  long  wavelength,  and  an  extended  quasl- 
statlc  approximation  which  Is  a combination  of 


some  of  the  features  of  both  the  Born  approximation 
and  the  quasi-static  approximation  to  extend  the 
range  of  validity  of  each.  Each  of  these  approaches 
Is  primarily  applicable  when  the  wavelength  Is  com- 
parable to,  or  greater  than,  the  dimensions  of 
the  flaw.  On  the  other  end  of  the  spectrum.  Prof. 

I.  Adler  at  the  University  of  Tennessee*  and  Prof. 

J.  Achenbach  at  Northwestern  University’  have 
studied  application  of  the  geometrical  diffraction 
theory  of  Keller  to  the  elastic  wave  case. 

The  Born  approximation  has  led  to  a number  of 
Important  Insights  and  results.  Because  of  Its 
simplicity,  the  results  separate  Into  a product  of 
three  factors  --  one  proportional  to  the  square  of 
the  frequency,  one  determined  by  the  elastic  con- 
stants of  the  flaw,  and  one  determined  by  the  shape 
factor  (a  function  which  can  be  recognized  as  the 
spatial  Fourier  transform  of  a characteristic  shape 
of  the  flaw).  The  approximation  thus  defines  a 
clean  path  for  reconstructing  the  flaw  shape  from 
experimental  data.  This  Is  an  Important  result. 
Secondly,  use  of  the  approximation  has  provided 
a way  to  visualize  the  scattering  patterns  rather 
easily.  Examples  are  shown  In  Fig.  5.  Here, 
Isographic  projections  of  equal  scattered  amplitudes 
are  plotted  for  the  scattering  of  a broadband  longi- 
tudinal wave  pulse  from  a sphere  and  an  oblate 
spheroid  at  45*  Incidence.  The  differences  In  the 
signatures  of  the  direct,  longitudinal-longitudinal 
scattering  and  the  mode  converted,  longitudinal- 
shear  wave  scattering  are  striking.  From  this  kind 
of  Information  It  has  been  possible  not  only  to 
Identify  features  of  flaws,  but  also  to  estimate 
the  transducer  apertures  required  to  differentiate 
between  various  flaw  types  and  orientations. 


•INSIGHT  INTO  FLAW-ULTRASOUNO  INFRACTION 
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Insight  Into  flaw  ultrasound 
Interaction. 
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experimental  Technique  - In  order  to  carry 
through  the  approach  outlined  above,  It  was  necessary 
to  make  measurements  on  samples  In  which  flaws  of 
known  size,  shape,  and  orientation  have  been  placed. 

A procedure  utilizing  a diffusion  bonding  fabrica- 
tion was  selected  to  achieve  this  purpose.  In  this 
procedure,  developed  by  N.  Paton  at  the  Science 
Center*  , two  pieces  of  titanlun  alloy  were  care- 
fully prepared  with  mating  surfaces  flat  to  within 
four  optical  bands.  The  desired  defect  was  then 
machined  accurately  Into  the  mating  surfaces. 

Following  this  step,  the  two  halves  of  the  sample 
were  carefully  assembled  In  a nutinq  Jig  and  placed 
under  pressure  at  approximately  1500°F.  The  bonding 
pressures  were  kept  low  In  order  to  limit  the  speci- 
men strain  thereby  preventing  significant  distor-  Fig.  6. 
tlon  of  the  machined  defect  geometry.  Under  these 
conditions,  grain  growth  occurs  across  the  bonding 
plane  and  produces  a bond  line  which  Is  Indistinguish- 
able from  the  parent  metal  both  u1 trasonical 1y  and 
metalallographically.  Most  of  the  samples  prepared 
In  this  way  have  utilized  the  titanium  alloy  T1- 
6A1-4V  since  It  Is  an  aerospace  alloy  of  interest 
and  because  of  the  fact  that  at  the  bonding  tem- 
perature It  dissolves  residual  surface  oxides  (thus 
assuring  a good  bond).  Special  techniques  have 
also  been  developed  for  producing  such  Intentionally 
defected  specimens  from  steel  and  aluminum  alloys. 


Single  hemispherical  defect  magnified  lOOX 
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In  Figs.  6 and  7 are  shown  a micrograph  of  a 
cut  through  a finished  sample  In  which  a hemisphere 
was  embedded  and  a schematic  showing  the  various 
kinds  of  void  defect  cavities  that  have  been  pre- 
pared. The  micrograph  demonstrates  the  metallur- 
gical invisibility  of  the  bond  line  nicely.  Most 
of  the  defected  samples,  as  shown  in  Fig.  7 have 
been  prepared  so  that  the  defects  retain  one  axis 
of  symmetry.  Thus,  the  set  Includes  spherical 
cavities  of  different  diameters  and  spheroids  of 
revolution  (both  prolate  and  oblate).  The  size 
range  varies  from  a ZOO  urn  by  800  urn  oblate  spheroid 
to  a 1600  urn  by  400  um  prolate  spheroid,  thus  pro- 
ducing a significant  range  In  the  aspect  ratio  of 
the  spheroids.  This  range  Is  sufficient  to  permit 
an  examination  of  the  limit  as  the  spheroid  of 
revolution  approaches  a crack-like  flaw. 

These  defects  have  been  placed  In  two  sets  of 
samples  with  different  exterior  shapes.  One  set 
Is  a right  circular  cylinder  with  a 2.5  cm  height 
and  a 10.2  cm  diameter.  The  other  set  has  a 
“doorknob"  or  “trailer  hitch"  shape  as  shown  In 
Fig.  8.  In  these  samples,  the  exterior  surface  Is 
a sphere  of  2.8  cm  radius  with  the  defect  at  Its 
center.  This  feature  makes  It  possible  to  perform 
fundamental  measurements  of  the  angular  dependence 
(as  well  as  the  frequency  dependence)  of  the  ultra- 
sonic scattering  since  transmitting  and  receiver 
transducers  could  be  placed  at  nearly  arbitrary 
angles  without  changing  the  ultrasonic  path  length. 
These  measurements  were  further  facilitated  by  a 
precision  goniometer  and  the  use  of  machined  buffer 
caps  which  match  the  flat  end  of  the  transducers 
to  the  curved  surface  of  the  sphere.  The  data 
obtained  In  this  Idealized  geometry  were  used  both 
as  a check  on  the  theory  and  as  a reference  against 
which  the  data  on  the  cylindrical  samples  could  be 
tested  to  Insure  that  correction  for  refraction 
and  diffraction  effects  have  been  properly  made. 

The  development  of  such  corrections  Is  a crucial 
step  in  transferring  the  basic  research  results 
from  the  laboratory  Into  field  usable  techniques  for 
use  on  parts  of  complex  shape. 


Fig.  7.  Defect  shapes  In  diffusion  bonded  samples. 
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Fig.  (<  Measurement  roorilinate  system 

Detailed  measurements  were  made  by  B littmann 
at  the  Scienie  Center  and  L Adler  at  the  Untyer- 
sity  oF  Tennessee  on  samples  containing  all  of  the 
defect  geometries  shown  in  Fig.  7.  Figure  T 
illustrates  the  excellent  agreement  that  exists 
between  the  exact  theoretical  predictions  of  the 
angular  dependence  of  the  scattering  from  a spheri- 
cal inclusion  and  the  -experimental  measurements.* 

This  agreement  established  that  an  exact  calcula- 
tion based  on  isotropic  elasticity  models  applies 
satisfactorily  to  the  twlycrysta 1 1 ine,  two-phased 
titanium  alloy  used  in  this  wort  and  that  measure- 
ments could  be  made  with  a high  level  of  precision 
This  latter  iHiint  was  strengthened  by  the  fact 
that  there  were  no  adjustable  parawters  In  the 
comoarison  The  data  were  corrected  for  the  effi- 
ciency of  transduction,  attenuation  of  ultrasound, 
and  diffraction  to  yield  an  absolute  measure  of 
scattering  amplitudes.  In  this  regard,  it  should 
be  noted  that  experimental  points  are  presented 
that  were  taken  with  either  a single  transducer 
in  the  pulse-echo  mode  (solid  point  at  180*)  or 
a pair  of  transducers  (open  iHiInts).  In  addition 
to  illustrating  the  agieement  between  experiment 
and  exact  calculations,  the  results  demonstrated 
a calibration  procedure  that  can  te  used  to  ensure 
that  a guantltatlve  experlwntal  system  is  properly 
functioning  ' 

For  more  general  defect  types,  exact  calcula 
tions  become  increasingly  difficult,  and  the  approx- 
imate theories  discussed  abc-ye  were  used  The 
spherical  geometry  was  used  as  a referenie  case  in 
which  these  miHiels  could  be  ccWHiared  against  the 
well  established  exact  result  As  noted,  the  Born 
approximation  Is  rigorously  valid  only  for  inclusions 
whose  properties  are  similar  to  those  of  the  host 
medium.  Hciwever.  it  was  found  that  it  makes  iiMny 
useful  predictions  cxitside  of  this  regim»>  For 
examile.  even  for  a cavity,  it  is  found  to  make 
good  predictions  for  the  angular  variations  of 
scattering  for  angles  near  the  back-scattered 
direction  and  for  relatively  Usw  f reguenc  ies . i e 
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Fig.  d Absolute  CcWH’arison  between  system  res- 
(Xinse  and  theoretical  expectation  curve 
for  a spherical  (inclusion)  scatterer. 

ka  » 1 where  a is  the  sphere  radius.  The  detailed 
freguency  dependence  of  the  result  was  found  to  have 
systematic  errors  but.  when  averaged  over  a set  of 
freguencles  which  comprised  the  broadband  ultra- 
sonic pulse,  the  results  were  again  guite  useful  '* 

These  results,  deduced  for  the  case  of  the 
sphei-e  by  comparisem  with  experiment  for  both  exact 
and  approximate  nxvdels.  have  been  further  investigated 
in  the  spheroidal  geometry  by  a direct  comparison  of 
experinxuit  and  the  approximate  theory.'’*'"  In 
general,  the  sam*>  conclusions  have  been  drawn  Fpr 
example.  Fig.  10  is  a comparison  of  the  back-scat 
tered  powt'r  from  a pancake- 1 i ke . 800  '.an  x 400  cm 
oblate  spheroidal  cavity.  In  this  case  the  theore- 
tical predictions  wx're  averaged  over  a range  of 
freguencie'  corresponding  to  those  produced  by  the 
transducer,  and  excellent  agreement  was  obtained. 

Other  measurements  at  higher  freguencles  on 
crack  like  fl.iws  have  established  bounds  on  the 
geonn'trical  diffraction  theories.*  Both  the  theo- 
retical and  experimental  wcirk  are  continuing  to 
increase  the  regime  in  which  satisfactory  ag’^eement 
exists. 

Inversion  The  inversion  technigues  which 
have  been  Investigated  can  be  divided  into  three 
general  classifications.  One  set  of  approaches,  of 
which  inviglng  is  the  most  familiar  example,  is 
intended  to  reconstruct  the  detailed  shape  of  the 
object.  These  approaches  can,  in  general,  be 
viewed  as  the  reconstruction  of  the  defect  shape 
function  from  measured  spatial  Fourier  components. 

Work  devoted  to  the  develoivnent  of  inwging  systems 
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Fig.  10.  Comparison  of  pulse-echo  data  as  a func- 
tion of  polar  angle  u with  predictions 
of  Born  approximation.  (The  calculations 
take  into  account  the  transducer  charact- 
eristics) 

in  which  the  signal  processing  algorithms  are  based 
upon  scalar  models  for  the  ultrasound-flaw  inter- 
action have  been  undertaken  by  Kino''  and  Lakin'^. 

In  addition,  others  have  given  greater  attention  to 
the  development  of  data  inversion  techniques  more 
closely  related  to  rigorous  solutions  of  the  wave 
equation.  Profs.  N.  Bleistein  and  J.  Cohen  of  Den- 
ver University  are  considering  the  application  of 
algorithms  previously  developed  for  the  processing 
of  seismic  data  to  the  ultrasound  case.''  Rose 
and  Krumhansl  have  developed  a conceptually  similar 
approach  based  upon  the  Born  approximation  for  the 
elastic  wave  case.'*  Measurements  of  the  ultra- 
sonic power  scattered  at  various  angles  may  be 
viewed  as  defining  specific  components  of  the 
Fourier  transform  of  the  defect  shape  function. 

This  concept  was  tested  by  developing  inversion 
formulae  based  upon  the  Born  approximation  and 
testing  them  using  numerical  results  produced  by 
exact  theoretical  calculations  as  input  data.  One 
of  the  results  Is  shown  in  Fig.  11  for  the  case 
of  a spherical  cavity.  Here  the  shape  function 
is  plotted  as  a function  of  radius.  The  reconstruc- 
ted value  is  seen  to  approach  very  closely  to  the 
correct  value,  even  though  the  input  data  was 
truncated  for  X < a.  Furthermore,  addition  of 
50%  random  noise  to  the  data  produced  very  little 
degradation  of  the  result.  These  results  are 
quite  promising,  particularly  in  view  of  the 
relatively  long  wavelengths  required  for  recon- 
struction. 

The  reconstruction  techniques  all  rely  upon 
some  form  of  linearization  of  the  scattering  pro- 
blem. However,  in  fact,  the  scattering  process 
can  be  highly  nonlinear,  e.g.,  the  scattering  from 
adjacent  facets  of  a flaw  is  not  necessarily  the 
superposition  of  the  scattering  from  the  facets 
considered  Individually.  Analytical  techniques 


Fig.  11.  Ihe  calculated  characteristic  function, 
7(r)  for  a spherical  void  in  Ti  is 
shown  and  compared  with  the  exact  result 
shown  by  dotted  lines. 

are  not  yet  sufficiently  developed  to  address  the 
inversion  of  such  a nonlinear  problem.  However, 
empirical,  adaptive  learning  techniques  have  proven 
quite  successful  as  demonstrated  by  A.  N.  Mucciardi 
of  Adaptronics,  Inc."  The  basic  problem  is  to 
define  functional  relationships  between  particular 
features  of  the  scattered  ultrasonic  fields,  e.q., 
the  energy  scattered  at  a given  angle  into  a given 
frequency  band,  and  particular  parameters  of  the 
flaw.  In  order  to  accomplish  this  practically,  it 
was  necessary  to  represent  the  flaw  by  a small 
number  of  parameters.  In  this  case,  an  oblate 
spheroid  having  major  and  minor  semi  axes  of  length 
B and  A,  respectively,  and  elevation  and  azimuthal 
angles  a and  6 with  respect  to  the  measurement 
aperture,  was  assumed.  In  order  to  develop  the 
prediction,  it  was  necessary  to  have  an  extensive 
"training"  base  for  the  purpose  of  establishing 
correlations.  This  was  done  using  the  Born  approxi- 
mation to  generate  theoretical  data  corresponding 
to  ellipsoids  having  a wide  range  of  the  parameters 
defined  above.  Once  tne  functional  form  of  the  pre- 
dictor had  been  established,  it  was  tested  using 
experimental  measurements  on  the  previously  dis- 
cussed samples  as  the  input  parameters.  The  data 
vtere  restricted  to  17  transducer  locations  in  a 
circular  aperture  having  a half-angle  of  60°  with 
respect  to  the  flaw.  No  use  of  the  detailed 
frequency  dependence  of  the  signals  was  made 
because  of  known  systematic  errors  in  the  theore- 
tical mode! . 

A comparison  of  the  predicted  and  known  flaw 
parameters  is  given  in  Table  I.  It  will  be  noted 
that  the  agreement  is  quite  good,  particularly  in 
view  of  the  approximate  nature  of  the  theory  used 
in  the  training  process.  It  can  be  anticipated 
that  the  use  of  more  accurate  approximations  in 
the  future  will  improve  this  performance  further. 

A third  approach  to  the  inversion  problem 
has  been  made  in  the  regime  where  the  ultrasonic 
wavelength  Is  large  with  respect  to  the  flaw  size, 
a regime  of  practical  importance.  Here  the.  prob- 
lem is  again  nonlinear,  but  analytic  techniques 
can  be  used  in  the  limit  of  long  wavelength  to 
solve  the  forward  scattering  problem  in  closed 
form.  In  particular,  for  a general  flaw,  it  has 
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Table  1.  Performance  of  spheroidal  defect  measure- 
ment system,  synthesized  from  theoretical 
data  on  actual  scattering  data  from  real 
defects , 
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been  shown  by  Gubernatls*  that  there  are  22  Inde- 
pendent paramete-s  which  can  In  principle  be 
deduced  from  scattering  measurements. 

Interest  has  been  high  In  the  long  wavelength 
regime  for  several  reasons.  The  fact  that  many  flaw 
parameters  are  available  in  a regime  where  the 
theory  is  well  developed  and  Inversion  problems 
can  be  attacked  analytically  is  very  attractive. 

The  fact  that  the  technique  may  give  an  average 
representation  of  the  flaw  as  needed  to  use  simple 
fracture  prediction  models  rather  than  a detailed 
picture  with  more  information  than  is  desired, 
could  be  of  great  practical  importance.  This 
interest  was  sharpened  by  a recent  paper  by  Budian- 
ski  and  Rice"  which  demonstrated  that,  for  an 
elliptical  crack,  the  maximum  stress  Intensity 
factor  could  be  directly  deduced  from  long  wave 
length  scattering  data,  and  to  a large  extent, 
independent  of  the  eccentricity  of  the  crack. 

Further  analysis  has  been  presented  by  Kino." 

The  most  recent  implementation  of  the  techniques, 
as  developed  by  Elsley  and  Richardson  at  the  Science 
Center,"  required  that  the  frequency  dependence 
of  the  ultrasonic  scattering  be  deduced  from  mea- 
surements made  at  a number  of  transducer  positions. 
From  this  data,  the  coefficient  A,  of  the  leading 
u) ’ term  in  a power  series  expansion  of  the  scat- 
tered amplitude  was  determined.  The  parameters  of 
the  flaw  are  then  deduced  from  the  set  of  coeffi- 
cients A,  using  an  estimation  theory  approach. 

This  methodology  was  applied  to  one  of  the  800  urn 
X 400  pm  ellipsoidal  cavities.  Measurements  were 
made  of  the  backscattered  signal  at  angles  of  0". 
15*.  30°.  45°.  60°.  -’5°.  and  90°  with  respect  to 
the  symmetry  axis  of  the  ellipsoid.  The  results 
of  the  prediction  of  the  ellipsoid  dimensions  and 
orientations  are  amazingly  accurate,  clearly  demon- 
strating that  the  potential  of  this  new  approach 
for  defect  characterization  is  high.  Details  of 
this  work  will  be  presented  later  in  this  meeting. 

Fracture  Mechanics  - The  last  remaining 
"building  block^  shown  in  Fig.  4,  Fracture  Mechan- 
ics, has  been  a subject  of  major  activity  this 
past  year.  As  noted  earlier,  the  purpose  of  this 
effort  is  that  of  extracting  numerical  values  of 
failure  parameters  from  the  ultrasonic  data,  thus 
providing  non-destructive  measurements  of  those 


parameters  that  have  in  the  past  been  determined 
only  through  destructive  tests.  Success  in  this 
endeavor  has  to  be  regarded  as  a significant  step. 
Since  detailed  reports  of  these  activities  will  be 
presented  at  this  meeting,  only  sunxnary  comments 
will  be  given  here.  Two  approaches  have  been  taken 
for  the  determination  of  the  stress  intensity  fac- 
tor. One  of  these  is  a direct  approach  in  which 
the  stress  intensity  factor  can  be  calculated  from 
the  values  measured  for  the  flaw  parameters.  This 
approach  has  been  used  by  Richardson  and  Tittmann 
(these  proceedings).  A second  approach  has  been 
used  bv  Kino  et  al  (these  proceedings)  in  which 
extensive  use  has  been  made  of  the  theoretical  cal- 
culations of  Budianski  and  Rice."  Both  of  these 
approaches  have  been  very  successful  in  producing 
values  for  the  stress  Intensity  factor  of  the 
measured  values. 

Sunrwsrjr  - The  systematic  and  logical  procedure 
outlined  in  Fig.  4 has  been  used  to  develop  a 
quantitative  ultrasonic  structure  utilizing  three 
new  approaches  to  flaw  characterization  involving 
generalized  imaging,  adaptive  learning,  and  long 
wavelength  scattering.  Each  of  them  is  built  upon 
results  traceable  to  first  principal  interactions , 
and  in  each  case,  preliminary  results  which  demon- 
strate the  feasibility  of  the  approach  have  been 
obtained.  Further  work  imist  be  designed  to  make 
specific  improvements  in  each  and  to  reduce  them 
to  practice.  It  is  important  to  realize  that  an 
entire  structure  for  quantitative  ultrasonics  has 
been  demonstrated  which  can  be  direct-coupled  to 
failure  predictive  techniques.  This  overall  result 
must  be  considered  an  important  accomplishment  and 
a foundation  for  a new  inspection  technology. 
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DISCUSSION 


Neil  Paton  (Science  Center):  My  name  is  Neil  Paton,  and  I have  a question  for  Tom  Moran.  He  mentioned 
the  rejuvenation  of  disks  and  specifically  titanium  disks.  I would  like  to  know,  first  of  all,  do 
you  have  any  methods  in  mind  for  rejuvenation  of  those  disks:  and,  secondly,  is  it  just  titanium  in 
which  you're  Interested,  or  are  you  also  Interested  in  nickle  base  super  alloys?  If  so,  what 
methods  do  you  have  in  mind  there? 

Tom  Moran  (AFML):  I can't  answer. 

Don  Forney,  Chairman  (AFML);  Harris,  could  you  answer  the  Question?  Harris  Burte  is  the  AFML  Chief 
Scientist.  If  he  doesn't  know  the  answer,  we're  all  in  trouble. 

Harris  M.  Burte  (AFML):  The  answer  is  quite  a bit.  There  are  a variety  of  things  being  explored  at 
different  levels.  I am  sure  you're  familiar  with  some  of  them,  Neil.  One  approach  assumes  that  a 
discrete  flaw  can  be  closed  with  isostatic  pressure.  If  it  happens  to  be  a surface  flaw  a coating 
may  be  put  on  it  so  that  we  can  bridge  that  flaw  and  still  enable  us  to  close  it  up.  Another 
approach  goes  back  10  or  15  years  based  on  a wide  variety  of  investigations  that  say  we  need  to 
understand  some  of  the  reasons  that  my  lead  to  fatigue  crack  initiation.  For  example,  by  providing 
suitdbl6  hedt  tr6at/nent^  to  the  material  at  a particular  staQe  of  life  we  can  rejuvenate  the  material 
and  essentially  extend  its  life  if,  in  fact,  we  don't  also  give  ourselves  more  problems  in  doing  that 
by  putting  in  residual  stresses.  I can't  give  you  a simple  answer  to  it  because  it  is  a very  broad 
field.  It  doesn't  have  one  specific  approach.  If  anybody  is  interested  in  these  particular  items, 

I suggest  they  make  appointments  with  some  of  the  various  people  in  the  laboratory,  either  through 
Dr.  Norman  Tallon  or  myself. 

Don  Forney,  Chairman,  fh’s  rush  of  hands  in  the  air,  I can  hardly  hear.  Yes? 

Gerald  C.  Gardner  (University  of  Houston):  I would  like  any  of  the  three  to  comment  on  the  aspect  of 
accept/reject  criteria  We  have  fallen  into  the  pattern  of  considering  that  to  be  a dichotomic 
decision,  either  yes  or  no,  but  in  point  of  fact  if  you  had  an  adequate  mechanical  performance  pre- 
dictive technology,  you  ought  to  be  able  to  classify  a component,  not  simply  in  terms  of  whether  it 
will  or  will  not  fail,  but  rather  in  terms  of  what  service  regimes  it  will  perform  adequately  at 
acceptable  levels  of  risk.  This  means  that  you're  really  making  a multistaged  decision  rather  than 
a simple  dichotomic  one,  and  I would  just  like  to  hear  any  one  who  wishes  to  coirment  on  the  relevance 
of  the  comment  that  I just  made. 

Don  Forney,  Chairman;  Mike  volunteered. 

Mike  Buckley  (ARPA);  I think  we're  saying  the  same  thing.  There  is  a probability  of  failure  at  all  levels 
of  different  modes  of  operation.  Different  constraints,  etc.,  have  to  be  factored  in,  but  eventually, 
it  comes  down  to  making  a decision  in  a given  anticipated  environment  or  mission  profile.  So  you  do 
have  to  eventually  make  a decision.  We're  really  talking  about  making  a conscious  one,  knowing  all 
the  variables  and  their  probabilities  of  failure,  but  eventually,  it  does  have  to  become,  "I  will  put 
it  into  service  or  I won't  know  what  the  risk  is." 

Don  Forney,  Chairman;  I might  add  that  as  a matter  of  fact  we  do  either  knowingly  or  unknowingly  utilize 
this  idea,  Gerald.  There  have  been  many  occasions  in  the  military  aircract  category,  if  you  will, 
where  we  have  flown  aircraft  in  limited  control  flight  conditions  because  of  either  a limitation  in 
the  strength  of  a component  or  the  fact  that  we  don't  know  the  strength  of  a component  pending  tests. 
In  actual  fact  we  have  frequently  flown  with  restrictions. 

Gerald  Gardner:  You  constrain  the  envelope. 

Don  Forney,  Chairman:  That's  right.  We  constrain  the  envelope.  Military  aircraft  have  red  lines.  We 
can  fly  them  faster.  We  can  drive  the  engines  harder  and  make  the  aircraft  fly  faster,  but  it  is 
unsafe.  So  every  aircraft  that  I know  of  has  a red  line.  That,  in  a sense,  is  a criterion. 
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ABSTRACT 


The  rapid  evolution  of  ultrasonic  testing  technology  over  the  last  ten  years  has  found  Industry 
unable  to  test  or  apply  many  of  the  new  concepts  resulting  from  this  work  due  to  limited  facility  re- 
sources to  adopt  these  advanced  methods.  The  testing  of  these  methods  is  a desirable  sequence  In  the 
evolution  of  new  ideas  to  production  usage  and  in  many  cases  would  require  a test  bed  on  wfilch  to  try 
Innovative  Ideas.  This  test  bed  concept  would  provide  an  avenue  to  resolve  applications  problems  which 
might  other-wise  overshadow  the  significance  of  technology  Inrrovat  Ions . The  availability  of  a test 
vehicle  with  which  to  prove  or  if  necessary  further  modify  these  growth  ideas  further  benefits  these 
accomplishments  by  verifying  their  validity  and  (lerformance.  In  recognition  of  this  need,  a program 
has  been  undertaken  to  establish  an  advanced  ultrasonic  work  station  with  the  ability  to  function  as 
a test  system  for  the  application  of  these  concepts  to  conrionly  encountered  Inspection  tasks. 

The  present  system  contains  all  solid  state  instrumentation  designed  around  the  latest  electronic- 
concepts  and  features  extensive  computer  Interfacing  with  regar-d  to  both  signal  handling  as  well  as 
command  and  feedback  systems.  The  specially  developc'd  ultrasonic  InstruiiH-ntat  Ion  contains  pr-ogramnable 
gates  and  Interface  synchronization  and  provides  the  capability  to  process  the  full  R-f  waveform  during 
test.  Output  from  the  ultrasonic  Instrument  is  processed  through  a high  speed  digitizer  between  the 
instrument  and  the  computer  which  is  dedicated  primarily  to  data  acguisitlon,  analysis  and  retention. 
Two-way  coiwiunlcatlon  linkages  exist  between  the  ultrasonic  Instrument  and  the  computer  as  well  as  be- 
tween the  computer  and  the  motion  and  position  control  to  allow  the  incorporation  of  signal  correction 
techniques  to  accomodate  material  attenuation,  surface  lens  effects  due  to  radii,  etc.,  so  that  the 
computer  can  judge  signal  significance  incorporating  these  corrections.  Data  output  from  the  test  Is 
supplemented  by  graphic  displays  allowing  the  presentation  of  planar  and  rotated  views  with  the  expan 
slon  capability  for  the  examination  of  selected  volumes.  This  system  is  currently  being  applied  to  the 
evaluation  of  specially  contoured  shapes  for  advanced  turbine  engine  programs  In  which  signal  character- 
ization will  play  a significant  part  in  the  data  analysis. 

INTRODUCTION 


The  constant  emphasis  on  taproved  production 
efficiency  and  productivity  that  has  t.vplfled 
twentieth  century  industry  has  resulted  In  numer- 
ous changes  In  manufacturing  methods  and  concepts. 
However,  the  changes  that  are  Incorporated  are 
not  as  readily  accomplished  as  one  might  Imagine 
since  minor  changes  In  routine  are  often  reflected 
In  Imnn'dlatcly  Increased  costs  even  though.  In  the 
long  run,  the  change  might  benefit  overall  cost 
and  quality.  The  target  of  improved  product  cost 
resulting  from  Increased  efficiency  In  the  use  of 
materials,  Increased  production  capacity  and  In- 
creased productivity  Is  a powerful  driver  that 
can  make  promising  process  Innovations  successful. 
Seasoned  manufacturing  management  readily  recog- 
nizes the  Importance  of  gaining  the  acceptance 
of  new  methods  by  the  operating  components  before 
new  Ideas  are  fully  conmitted  to  production.  As 
a result,  many  manufacturers  have  adopted  the  con- 
cepts of  prototype  processes,  pilot  lines  and  the 
like  to  Initially  debug  new  methods,  demonstrate 
capability  and  overcome  those  problems  that  might 
adversely  Influence  the  cost,  productivity  and 
permanence  of  these  Innovative  methods. 

This  same  approach  Influences  the  Introduc- 
tion of  changes  in  the  nondestructive  test  pro- 
cesses, such  as  ultrasonic  Inspection.  In  the 
case  of  the  quality  oriented  processes,  the  gains 
obtained  from  technology  advancements  can  be  more 
difficult  to  Introduce  than  are  changes  In  the 
manufacturing  processes  where  Improvements  are 
mostly  related  directly  to  the  cost  and  thru  put 


of  the  process.  Improvements  In  flaw  detection 
capability  or  significant  changes  In  the  the  ac- 
ceptance criteria  applicable  to  hardware  must 
first  gain  engineering  acceptance  before  becoming 
a basis  for  product  acceptance.  Once  engineering 
acceptance  Is  achieved,  the  gaining  of  manufac- 
turing acceptance  further  requires  the  proof  that 
the  change  In  method  can  be  accomodated  In  the 
production  area  with  minimal  Impact  on  production 
cost . 

It  has  only  been  In  the  past  ten  to  twenty 
years  that  a wide  enough  technical  base  has  been 
established  to  regard  nondestructive  testing  pro- 
cesses as  technologies  rather  than  skills.  NDE 
as  an  art  really  '•ame  Into  being  In  the  Second 
World  War  and  the  technology  base  currently  is 
much  more  In  Its  Infancy  than  ai-e  most  engineering 
and  manufacturing  oriented  technologies.  Until 
recently,  even  the  advanced  Industries  had  not 
considered  then  NPE  processes  as  much  more  than 
quality  checks  In  the  manufacturing  cycle  rather 
than  Information  fools.  Consequently  there  was 
little  Impedence  for  improving  NDl  processes  to 
obtain  more  Information  from  the  Inspection  pro- 
cess Itself. 

In  the  electronically  oriented  processes, 
such  as  eddy  current  1nst>ect Um  and  more  notably 
In  the  ultrasonic  area,  the  Inspection  processes 
have  benefited  markedly  from  very  rapid  advance- 
ments, resulting  from  the  evaluation  of  solid 
state  electronics.  This  situation  has  given  Im- 
petus to  the  understanding  of  the  "whys  and 


17 


»(»)••  r»forp^"  of  the  ln%pe(.tioi<  process  rather  than 
the  "hit*.  to-appl>  the  proceis"  e«Kthast$  that  had 
e«1?ted  prevlou%1y  Heretotore,  enuHtnient  notse. 
laiti  ot  stability  or  drift,  laik  of  e<tu I iMiien t 
standardl/ation,  eti  , had  precluded  the  ability 
to  characterife  *ia*efoniic  of  any  significance 
In  addition,  the  response  tinie  of  earlier  forms 
of  signal  processing  oas  not  aileguate  to  handle 
the  yery  large  guantities  of  data  obtainable  from 
the  inspection  process  Ihe  advent  of  solid  state 
Circuitry,  high  speed  data  gathering  and  comciuting 
capability  vastly  increased  the  potential  of  these 
processes 

Many  r.ew  Ideas  In  information  -lathering  are 
evolving  from  these  more  recent  advancements  In 
eguUiment  capability  and  a markedly  mi'dlfied 
approach  to  materials  Interrogation  Is  forthcoming 
from  this  emerging  technology  Typical ly,  many 
of  the  accomcil  ishments  no*,  resulting  from  the 
AHI’A/AIMl  supported  studies  In  Quantitative  Nt't 
reguire  further  demonstrations  of  validity  and 
usefulness  to  gam  (jHierally  broad  acceptance  and 
application  to  every  day  Inspection  tasks  the 
deveUipement  of  nevi  concepts  for  ultrasonically 
assessing,  defining  and  guantifying  flaw  types, 
sl/e  and  geometry  resulting  from  these  research 
programs  must  have  a more  direct  avenue  to  the 
practical  task  of  hardsyare  inspection  it  the 
journey  from  the  laboratory  to  Industrial  use  Is 
to  be  shortened  These  advanced  approaches  to 
the  inspection  of  materials  face  a potential 
barrier  In  the  lark  of  suitable  resources  to 
test  these  Innovations  since  normally  available 
production  oriented  egutpemnt  is  too  limited  In 
capability  to  serve  these  purposes. 

A surprisingly  large  amount  of  Inspection 
egulpment  existing  In  Industry  today  Is  still  of 
the  older  vintages,  and,  where  many  facilities 
may  have  solid  state  1 ns trumenta t lOn , much  of  It 
IS  based  upon  IdSO  IfbO  design  concepts  Basical 
ly,  many  of  the  users  of  the  inspection  processes 
are  still  trying  to  acccm.ioddte  the  "how  to- 
apply"  of  the  process  since  It  is  only  the  more 
technically  advanced  Industries  that  have  the  In 
centive  to  strive  for  the  benefits  that  might  be 
attainable  through  the  development  of  sophisti- 
cated technigues. 

However,  many  of  the  suppliers  of  electronic 
Inspection  egulpment  are  atuned  to  the  demands 
of  the  market,  the  bulk  of  which  Is  oriented  to 
less  ambitious  commercial  tasks.  Because  ot  the 
limited  site  and  resources,  these  suppliers  are 
not  normally  In  the  position  to  lead  the  Industry 
by  furthering  the  advancements  In  Inspection 
technology.  So  It  remains  that.  If  Improvements 
are  to  be  gained  In  the  amount  of  guantitative 
Information  attainable  from  these  Inspection 
processes,  the  advanced  technology  Industries, 
namely  aerospace  and  nuclear  must  fill  this  need. 
Without  the  testing  and  proving  of  the  accom- 
plishments forthcoming  from  the  work  aimed  at 
upgrading  the  ultrasonic  technology  base,  In 
fields  ranging  from  the  Improvement  of  transdu- 
cers to  the  definition  of  frequency  response, 
scattering  and  Imaging,  their  value  could  well 
go  unnoticed  and  materials  Inspection  practices 
would  continue  to  follow  the  limited  horizons  of 
present  production  methods.  Today's  production 
methods  rely  primarily  upon  the  measurement  of 
response  amplitude  as  a gage  of  acceptability 
or  rejcctabillty  of  the  product,  although  It  Is 
broadly  known  that  this  amplitude  Information  Is 


perhaps  only  ten  percent  ot  the  Inloniiation  avail 
able  fr'om  the  interaction  of  the  response  source 
and  the  Sonic  beam  Ihe  Inability  of  ctmmierc  lal  ly 
available  eguUmient  to  work  with  much  more  than 
this  IS  one  of  the  inhibitors  to  the  growth  of 
application  technology  In  the  field  of  ultrasonics 
Ihe  high  level  of  sophist  U at  ion  coiiiing  from  pre- 
sently active  develo(mient  progiams  reguires  a 
degree  of  proof  and  detnonsf  rat  Ion  beyond  that 
which  would  normally  be  reguired  tor  more  straic)ht- 
forward  process  advaiuemenfs  What  Is  now  needed 
IS  a test  bed  in  which  to  test  this  evolving  tech 
nology  In  order  to  sense  out  and  prcive  the  real 
potential  ot  new  innovations  Ihis  test  bed  would 
work  under  the  conditions  normally  eniciuntered  in 
the  production  inspection  ot  hardware  while  pro- 
viding the  Inspection  data  ac  ccamulal  ion  and  data 
processing  capability  needed  to  exercise  the  new 
Ideas  It  IS  most  Important  that  the  presently 
subtle  Influences  on  the  inspection  process  be 
eliminated  or  at  least  controlled  to  such  a degree 
as  to  minimize  their  effects  on  the  process  so 
that  the  lnS(wctlon  Innovations  can  truly  be  as 
sessed  In  a test  bed  arrangeii.enl , this  can  be 
done  In  a work  eny I ronment  that  wc'uld  simulate  the 
conditions  normally  eipected  ot  a production  sys 
lem  applied  to  production  hardware 

Several  ye..rs  agci,  the  ’.ircraft  Ingine  Group 
ot  the  General  (lectiu  Congmay.  began  an  effort 
to  bring  further  sophist  leal  ion  to  the  ultrasonic 
inspection  process.  This  effort  has  re-.ulled  in 
the  establishment  of  a systen  winch  minimizes 
human  involvement  In  the  lns|>ectlon.  as  well  as 
providing  a test  bed  for  advanced  Inspection  con- 
cepts. 

kong  ranije  goals  and  tarejets  for  this  inspec 
tion  system  were  established  f oitinerc  la  1 ly  avail 
able  instrumentation  and  facilities  to  ait  as 
base  for  ilevelopment  work  were  soucjht  , neither 
electronic.  egui|<ment  nor  the  mechanical  elenmnts 
of  the  workstation  were  available  to  serve  our 
purpejses . Therefore,  the  program  first  started 
with  the  design  and  fabrication  ot  the  present 
workstation  which  is  aimed  at  the  testing  of  new 
inspection  Ideas  prior  to  production  applications 
Basically,  the  test  bed  consists  ot  tour  separate 
elements . 

1.  llectronic  Instrumentation 
?.  Signal  proiessing,  analysts,  computation  and 
decision  making  components 

3.  System  Motion  Control 
4 Mechanical  System 

tltCTKONIC  INSIHlIMINTAllllN 

At  the  time  this  activity  was  started  a survey 
of  available  ultrasonic  Instrumentation  could  not 
Identify  any  available  or  near  term  instrumenia 
tion  that  would  meet  reguired  system  reciulrements 
which  were : 

I.  Ability  to  process  the  total  R-f  waveform  for 
subsequent  signal  analyses  and  Interpretation 
?.  Capability  of  complete  computer  Interfacing 
so  that  the  resulting  system  could  be  truly 
computer  controlled  relative  to  establishing 
the  various  instrument  settings,  gates,  etc 
3 Practically  no  Instrument  effects  on  the 
nature  of  the  received  signal 

4.  Very  low  Instrument  oriented  background 

At  that  time,  a detailed  specification  was 
established  for  the  electronics  system  and  a con- 
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tract  with  our  Corporate  Research  and  Development 
Center  at  Schenectady  was  placed  for  its  design 
and  fabrication.  The  resulting  prototype  system 
was  truly  a first  of  its  kind  and  met  most  of 
the  original  design  specifications.  This  proto- 
type was  used  for  our  early  work  and  we  subse- 
quently procured  a second  Iteration  of  the  design 
(illustrated  In  Tig.  1)  which  now  Is  In  develop- 
ment use.  This  new  electronics  package  has  the 
following  capabilities: 

- Spike  pulser 

Receiver  bandwidth  - .5  MH/  to  18  MH/ 

- Progranriable  attenuator 

- Uaterpath  delay/main  data  gate 

- Pulse  repetition  rate  - 10  lU  to  S RH/ 

• Analog  alarm  outputs. 

- Hewlett-Packard  18?C  scope 

Radio  frequency  and  full  wave  rectified  display 
fully  computer  compatible 

- Synchroniter  - keyboard  readout 
Pulse  trigger  on/off 

Interface  synchroni tations  of  gate  start 

- Hated  radio  frequency  and  video  output 

- Digital  readout  of  peak  amplitude  available 


Fig.  1.  Advanced  computer  interfaceah le  ultrasonic 
instrumc'ntation 


SIGNAL  PROCISSINI'.,  ANALYSIS,  COMPUIATION  AND 
Die  I SION  MAK  ING  COMPONI  NTS 

The  components  of  the  system  that  are  in- 
volved with  the  signal  processing,  data  analysis, 
computation  and  decision  making  include  the 
Biomation  8100  Analog  to  Digital  Converter,  and 
the  Digital  Equiimn'r*  Corooration  POP  11/SS 
computer  i 1 lustrated  in  fig.  2. 

Biomation  8100  - The  Biomation  8100  is  a high 
speed  analog  to  digital  converter  which  is 
utilized  for  digitizing  the  radio  frequency  wave- 
form as  it  comes  from  the  ultrasonic  instrumen- 
tation so  that  the  system  computer  can  further 
process  and  analyze  the  waveform  information. 

The  purpose  of  processing  the  total  radio  fre- 
quency waveform  Is  to  provide  the  capability  to 
perform  Fast  Fourier  Transforms  (FFI)  and  spec- 
tral analysts  of  the  inspection  data  as  the  need 
and  technology  develops. 

PDP  11/f>5  Computer  - The  system  computer  performs 


a variety  of  tasks.  These  include  setup  and  con- 
trol of  the  Biomation  8100  and  ultrasonW  instru- 
mentation with  regard  to  data  acquisition  and  in- 
spection sensitivity.  The  computer's  main  task 
however,  is  to  provide  the  signal  analysis  and 
decision  making  for  the  system.  This  includes 
performing  a Distance  Amplitude  Correction  for 
each  pulse  of  data,  correcting  for  signal  degre- 
dation  caused  by  lens  effects  of  curved  surfaces, 
as  well  as  analyzing  the  amplitude  of  each  pulse 
of  information.  Also,  if  during  the  course  of 
an  inspection  a significant  indication  is  detected, 
the  computer  must  store  all  amplitude  and  posi- 
tional Information  for  further  reference. 


fig.  2.  I’Df’  Il/b5  computer  ana  peripherals 
SYSTfM  MOI  ION  CONTRDl 

The  motion  control  of  our  ultrasonic  inspec- 
tion system  is  provided  by  a nuim'rical  control 
(Gl  lObO)  which  can  be  seen  in  Fig,  J.  Ihe- 
ihoice  of  usitig  an  N/C  for  this  task  was  made  tor 
two  reasons.  First,  production  ultrasonic  inspec- 
tion at  G[  has  involved  the  use  of  N/C  controls 
for  several  years  This  experience  was  drawn  ut>on 
in  specifying  the  automated  inspection  system. 
Second,  the  GL  inspection  system  has  as  one  intent 
the  complex  analysis  of  the  total  Radio  Frequeiy 
Wavefonn.  Ihis  involves  significant  computer  pro- 
cessing power  and  prohibits  the  use  of  the  system's 
computer  for  both  data  analysis  and  nwtion  control 

The  General  llectric  lObO  numerical  control 
differs  from  conventional  hard  wired  N/C  eguitmient 
in  that  this  control  is  a series  of  microproces- 
sors, one  for  each  axis  of  motion.  These  micro- 
processors control  the  motion  of  the  system  in 
both  simultaneous  linear  and  rotary  motion,  the 
fact  that  the  control  is  microprocessor  based  pro- 
vides the  benefit  that  the  ma.jor  portion  of  the 
control  logic  is  software  based.  Ihis  allows 
greater  freedom  in  utilization  as  welt  as  modifi- 
cation. The  software  based  aspect  is  also  a bene 
fit  in  that  it  enhances  coi'»"un1cat  ion  between  the 
N/C  and  the  system  computer 

Ihe  N/C  is  prograrnmed  usinci  a unique  proqram- 
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mlng  system  developed  by  GE  th»t  allows  for  pro- 
gramming the  N/C  based  totally  on  ultrasonic  var- 
iables and  not  dependent  on  the  conventional  APT 
language  most  often  used  for  N/C  programming. 


I 


Fig.  3.  Automated  ultrasonic  workstation 

Including  motion  control  - ultrasonic 
Instrumentation  and  digitizer 


MECHANICAL  SYSTEM 

The  mechanical  portion  of  the  General  Elec- 
tric Inspection  System  was  specified  with  rigidity 
and  precision  In  mind.  The  mechanical  system, 
shown  In  Fig.  3,  consists  of  an  Inmerslon  tank, 
rotating  turntable  with  lift  platform,  three  axis 
(X,y,Z)  bridge  and  double  gimbal  manipulator. 

The  Immersion  tank  and  turntable  are  fabri- 
cated of  noncorrodible  stainless  steel.  The 
turntable  Is  completely  enclosed  to  avoid  any 
water  turbulance  at  high  rotational  speeds.  The 
lift  platform  provides  the  capability  to  load  a 
part  above  water  and  then  locate  the  part  at  a 
precise  location  below  the  wafer  surface.  The 
three  axis  (X,Y,Z)  bridge  Is  designed  to  machine 
tool  accuracies  for  the  rigidity  and  precision 
necessary  to  attain  system  reliability  and  re- 
peatability requirements.  The  bridge  provides 
the  linear  motion  required  to  traverse  a part 
during  Inspection.  The  double  gimbal  manipulator, 
also  designed  to  machine  tool  tolerances,  provides 
the  rotary  motions  necessary  to  perform  the  In- 
spection of  complex  contours. 

These  5 axes  of  manipulator  movement,  3 
linear  and  2 rotary,  have  been  found  to  be  neces- 
sary to  perform  the  Inspection  of  complex,  con- 
toured parts.  The  simultaneous  movement  of  these 
5 axes  Is  accomplished  through  use  of  a mechanical 
system  design  requirements  as  shown  In  Fig.  4 


SRICU.  X AND  f AXIS: 


'■ostKonlnv  • 0.003  in. /ft  (♦ 
Aesolutlon:  O.OOl  (n. 

S.cll«4h  I 0 001  In. /ft. 
Repentnblllty  fO.OOHn./rt. 


0.0)8  In. 


Tottl) 


StARCH  lust.  I AXIS: 


Poiitlonlnj:  . 0.003  In. /ft.  (♦ 
Reiolutlonr  0700I  In, 

BictUjh  . 0.001  In. /ft. 
Rr|>»«t»l)llity;  « 0.001  In. /ft. 


O.OlZ  In.  Total) 


StARCH  UNIT  MANiruiAtOR  •»'  ANO  *b"  AXIS; 


Rofitloning:  * O.ZS* 
Rosolutlon:  071* 
Sactlash:  • O.ZS* 
ReiHatabIliFy:  ♦ O.ZS* 


rotary  TURNTABLt,  "c*  AXIS: 


ran  trntonng  O.OlOln.  TIR 

Surfaco  Runout  (full  load):  O.OIS  In  TIR 

llfvatino  Positioning:  • O.OIS  In 

Rill  Constant  Ulinm  y.  of  Sotting 

table  to  Bridge  Rarallellsai  (x  Asis)-  » o.OOS  In  /ft 

Tab  0 to  Bridge  RaraTlellsin  (T  Axis):  « O.OOS  In  /ft' 

(f  Axis):  . o.OOS  In./ft. 
Tible  lateril  Movement:  ♦ 0.0)0  In.  “ 


Fig.  4.  General  Electic  near  net  shape  ultrasonic 
Inspection  system  - mechanical  system 
accuracy  requirements 


THE  SYSTEM  IN  TOTAL 

Although  each  of  the  foregoing  elements  Is 
unique  and  represents  the  latest  of  state-of-the- 
art  technology,  the  real  benefit  from  the  system 
results  when  they  each  work  In  concert  as  part  of 
an  overall  Inspection  operation.  The  following 
briefly  describes  the  chain  of  conmunlcatlon  and 
linkages  already  existing  to  provide  a viable 
working  production-oriented  Inspection  system  In 
which  operator  controls.  Influences  and  Judgements 
are  practically  nonexistent.  Figure  5 Illustrates 
dlagraimiatlcally  these  relationships  and  communi- 
cations linkages. 

The  Inspection  operation  begins  when  the 
operator  enters  Into  the  computer  the  part  number 
of  the  component  to  be  Inspected.  The  Inspection 
requirements  for  that  component  already  exist  In 
the  computer  memory  from  prior  progranmlng  and/or 
communication  with  the  CAD/CAM  network.  Informa- 
tion relative  to  the  part  configuration,  required 
calibration  level,  the  number  and  type  of  scans 
required,  a definition  of  all  manipulator  move- 
ments, the  scanning  “evaluation"  level,  the 
evaluation  accept/reject  criteria  are  all  In  the 
computer  file.  The  definition  of  the  movements 
of  the  manipulator  required  to  accomplish  the  In- 
spection Is  transferred  from  the  computer  to  the 
motion  control.  The  Inspection  begins  with  the 
manipulator  going  from  "home"  position  to  that  of 
locating  the  permanently  fixed  calibration  block. 
The  transducer  Is  manipulated  over  the  block  In 
both  longitudinal  and  shear  positions  to  reach  the 
prescribed  calibration  criteria,  while  the  com- 
puter adjusts  the  Instrument  to  provide  the  sensi- 
tivity level  required  for  the  Inspection.  Having 
established  the  Inspection  sensitivity,  the  trans- 
ducer Is  moved  to  the  Inspection  start  position. 
Each  step  of  the  Inspection  operation  Is  described 
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for  the  operator  in  alpha>numer1c  form  on  the  con- 
trol display  device  so  the  operator  can  follow 
the  inspection  sequence.  The  manipulator  guides 
the  transducer  through  each  of  the  ?0  or  so  posi- 
tions required  to  obtain  total  part  interrogation. 
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Fig.  5.  Diagranmatic  layout  of  near  net  shape 
system  and  communication  linkages 


During  these  movements,  pulses  from  the 
instrument  are  interrogating  the  component  rela- 
tive to  its  internal  quality.  With  the  availa- 
bility of  the  previously  stored  information  rela- 
tive to  the  part  configurations , the  computer 
continually  adjusts  the  gating  to  exclude  reflec- 
tions associated  with  the  front  and  rear  surfaces. 
In  addition,  all  returning  signals  are  accessed 
relative  to  the  part  surfaces  exposed  to  the 
beam,  and  returning  signals,  only  slightly  above 
the  already  low  background  noise  level,  are  also 
considered  relative  to  the  depth  below  the  sur- 
face where  the  signal  is  generated.  The  signal 
amplitude  then  is  adjusted  by  the  computer  to  ac- 
commodate the  loss  in  signal  strength  due  to  at- 
tenuation. Adjustments  in  signal  levels  from 
reflectors  on  the  near  surface  of  the  part  also 
are  adjusted  automatically  downward  to  accoinnodate 
the  over  inspections  encountered  in  this  area  due 
to  lens  effects  when  inspecting  cross  section  of 
any  depth.  As  a result  of  these  multiple  cor- 
rections,  each  signal  Is  considered  at  its  "true" 
ampi itude  value. 

With  this  information  available,  the  computer 
considers  the  amplitude  of  the  response  in  com- 
parison with  pre-established  evaluation  instruc- 
tions. If  the  response  amplitude  is  not  con- 
sidered significant,  the  data  are  discarded. 
However,  if  the  responses  exceeds  the  evaluation 
criteria,  the  response  amplitude  or  the  total 
R-F  waveform  of  that  indication  can  be  digitited 
and  entered  into  the  computer  memory  along  with 
the  address  location  of  all  axes. 

With  the  address  of  each  suspect  indication 


entered  into  the  computer  memory  as  it  is  encoun- 
tered, the  inspection  continues  uninterrupted  until 
the  total  Inspection  sequence  is  completed.  At 
this  point,  all  suspect  areas  can  be  re-evaluated 
to  better  assess  the  character  of  the  indication 
with  already  established  evaluation  routines.  As 
an  example,  if  a low  level  response  was  noted  in  a 
specific  area,  the  computer  would  comnand  the  posi- 
tion control  to  return  to  that  specific  address. 

All  axes  would  be  located  to  satisfy  the  address 
requirement.  At  that  point,  an  angulation  maxi- 
mizing routing  would  better  assess  the  flaw  to 
determine  if,  due  to  orientation,  the  signal  could 
be  increased  above  the  level  found  during  the 
scanning  procedure.  At  this  point,  if  an  appro- 
priate program  were  available,  the  R-F  waveform 
response  characteristics  of  the  flaw  could  also 
be  assessed  froni  several  positions.  Once  the 
evaluation  data  are  obtained,  then  the  computer 
can  be  progranmed  to  treat  the  data  in  any  pre- 
scribed way  so  as  to  make  a decision  relative  to 
quality  of  the  hardware  or  the  nature  of  any  sus- 
pect areas  within  it. 

In  this  inspection  system,  we  have  available 
a total  automated  operating  ultrasonic  system 
which  can  be  separately  progranmed  to  perform  a 
specific  or  a sequence  of  pre-established  inspec- 
tion routines  on  1 ive  hardware  configurations.  The 
system  can  then  suosequently  process  and  manipu- 
late the  resulting  resonse  information  in  accor- 
dance with  prescribed  analysis  routines,  which 
Include  the  processing  of  total  R-F  waveforms,  or 
it  can  perform  other  manipulations  required  for 
enhanced  flaw  definitions,  thus,  this  powerful 
system  becomes  an  available  test  bed  which  can 
further  apply  the  theory  and  routines  established 
in  more  limited  laboratory  evaluations.  These 
approaches  might  enhance  the  assessing  and  quanti- 
fying of  conditions  associated  with  both  the  ultra- 
sonic response  character  of  different  flaw  tytres, 
as  well  as  other  effects.  The  successful  testing 
of  thesj  technical  developnents  under  controlled 
conditions  in  real  hardware  with  equipment  adapt- 
able to  production  use  is  one  of  the  most  pressing 
needs  in  bringing  such  advancements  from  the 
laboratory  to  production  usage. 

CONCLUSIONS 

1.  Advancements  in  ultrasonic  technology  offer 
the  potential  to  gain  a great  deal  more  in- 
telligence from  the  ultrasonic  process  than 
the  type  of  inspecion  data  obtained  hereto- 
fore. 

2.  A recently  established  test  bed  described  in 
this  paper  ran  provide  the  facility  capability 
to  demonstrate  the  use  of  this  advanced  tech- 
nology in  hardware  applications, 

3.  The  demonstration  of  advanced  technology  ap- 
plications on  working  production  adaptable 
systems  is  a preferred  direction  to  follow 
in  gaining  the  acceptance  of  these  advance- 
ments by  the  production  oriented  users. 
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DISCUSSION 


*iob«rt  f.  (irMti,  Jr.  (Johns  Hopkins);  Could  I get  the  slide  back  that  showed  the  performance  character- 
istics themselves? 

Dorothy  Comassar  (Genera)  Electric);  Which  performance  characteristics? 

Robert  Green:  What  you  talked  about  In  the  frequency  range.  It  seems  to  me  the  bulk  of  the  attenuation 
occurred  using  ten  megahertz  or  five  megahertz.  If  that's  true,  I don't  understand  the  results. 

Jerry  Tiemann  (General  Electric):  That's  a typo. 

Dorothy  Comassar;  That's  a mistake. 

Robert  Green:  What  should  It  be? 

Jerry  Tiemann:  Probably  ten  hertz  to  five  kilohertz,  but  I'm  not  sure. 

Dorothy  Comassar:  let  me  cljeck  my  write  up.  There  were  some  errors  In  the  slide. 

Robert  Green:  It's  very  likely  ten  hertz  to  five  kilohertz.  The  other  question  Is  why  did  you  pick  18 
megahertz  as  the  limiting  top  frequency  In  the  receiver  band  width? 

Dorothy  Comassar;  I'm  not  really  sure.  Jerry,  I'll  pass  that  one  on  to  you.  That  certainly  met  our  needs 

and,  I think,  the  system  with  the  other  constraints  that  we  placed  on  It  ended  up  In  that  range.  I 

don't  know  that  we  designed  It  sperlflrally  for  18,  but  It  did  cover  that  range. 

Jerry  Tleawinn:  I think  that  arose  from  a tracing  through  of  the  minimum  size  flaw  that  we  eventually  want- 
ed to  detect  which  was  of  the  order  of  a few  mils. 

Don  Forney,  Chairman  (AFMl):  Another  question  over  here? 

George  John  (Aero  Associates):  How  long  does  it  take  you  to  make  a scan  on  the  part  that  you  showed? 

Dorothy  Coaussar;  we  can  achieve  a 30  to  50  percent  reduction  In  scan  time  merely  by  the  automatic  features 
of  the  system.  A conventional  system  will  not  Inspect  that  hardware.  You  have  to  have  rectilinear 
shapes  and  a sufficient  material  envelope  In  order  that  the  coamerclally  available  equipment  will 
deal  with  It. 

George  John-  So,  what  Is  the  time? 

Dorothy  Comassar:  An  hour  or  so.  1 really  would  have  to  check  If  you  want  a precise  answer. 

George  John  Well,  It's  not  a minute. 

Dorothy  Comassar  No 

Don  Forney,  Chairman-  Just  one  more  question. 

Harlsh  Dalai  (SkF  Industries):  You  mentioned  that  to  use  the  system  all  you  have  to  do  Is  to  load  the 
part  and  switch  the  system  on  and  It  goes.  The  sensitivity  of  the  system  also  depends  on  the 
relationship  between  the  transducer  and  the  part. 

Dorothy  Comassar:  One  of  the  things  I didn't  mention  because  of  the  time  Is  that  the  system  automatically 
calibrates  Itself.  There  Is  a conmand.  If  you  will,  that  starts  the  system.  He  can  program  In  the 
sensitivity  that  we  want  to  achieve  and,  resident  In  the  tank.  Is  the  calibration  block  which  sets 
the  Instrument  setting. 

Don  Forney,  Chairman-  I'm  afraid  we've  got  to  move  on.  Thank  you  very  much.  Dottle. 
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OVERVIEW  uF  Planned  ultrasonic  imaging  system 
WITH  automatic  ALN  DATA  INIERPRETATION 
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AbSTRACT 

This  presentation  discusses  a new  program  designed  to  Investigate  the  effectiveness  with  which 
adaptive  learning  network  (ALN)  analysis  can  be  combined  with  linear  array,  phase  steered,  ultrasonic 
Imaging  techniques  to  provide  an  enhanced  means  for  automatic  data  Interpretations.  The  DARPi-sponsored 
program  is  being  performed  as  a team  effort  between  Adaptronics,  Inc.  and  Battel le-Northwest.'  Battel le, 
under  a subcontract  from  Adaptronics,  is  adapting  the  linear  array  imaging  system  being  developed  for 
the  Electric  Power  Research  Institute  of  Palo  Alto,  California,  for  use  on  this  project.  A special 
ultrasonic  array  will  be  dev  eloped  to  operate  with  the  high-speed  imaging  system  to  acquire  and  record 
both  specular  and  nonspecular  signal  information  in  both  the  time  and  frequency  domains.  Signal  infor- 
mation from  a multitude  of  simple  and  complex  reflectors  and  defects  will  be  recorded  on  the  POP  11  disk 
pack  Incorporated  into  the  ultrasonic  imaging  system. 

Adaptronics  will  utilize  the  time  domain  and  frequency  spectral  data  recorded  from  several  thousand 
data  points  to  develop  algorithms  and  train  networks  which  may  describe  uniquely  the  pattern  of  the 
reflections.  The  objective  of  the  program  is  to  provide  a high-speed  and  automatic  means  for  detecting, 
locating,  sizing  and  displaying  flaws  in  solid  materials. 


INTRODUCTION 

The  figure  describes  an  illuminating  sound 
beam  striking  a target.  In  this  instance,  the 
target  is  not  normal  to  the  illuminating  sound 
beam  and  little  energy  is  reflected  back  to  the 
elements  which  generated  the  sound  beam.  In  a 
normal  pulse-echo  inspection,  the  target  would  not 
be  seen  as  most  of  the  energy  reflected  from  the 
target  falls  outside  the  field  of  view.  However, 
when  an  array  is  used,  the  length  of  the  array 
extends  the  field  of  view  to  include  capture  of 
the  reflected  energy,  the  diffracted  energy  and 
any  mode-converted  redirected  energy  from  the  flaw. 
Reconstituting  these  energies  into  a pattern  recog- 
nition "signature"  which  uniquely  describes  the 
defect  as  the  source  of  the  energy  pattern  requires 
computer  interpretation  of  the  acoustic  "signature". 


Battelle's  effort  on  this  research  program  is  ^ 

to  develop  the  experimental  procedure  and  acquire 
the  ultrasonic  "signatures".  Adaptronics,  using  ' 

adaptive  learning  network  analysis,  is  responsible 
for  the  characterization  of  the  "signatures"  for  i 

automatic  Interpretation  and  identification  of  the 
type,  shape  and  nature  of  defect  identified  by  the 
data. 


The  principal  objective  of  the  experimental 
effort  is  to  develop  new  technology,  demonstrating 
that  ultrasonic  arrays  can  provide  the  additional 
information  available  from  the  pattern  of  energy 
reflected  from  the  flaw  required  to  achieve  auto- 
matic ALN  interpretation. 

using  phase-steered  array 
’contract  DSA  MOA  903-78-C-0223 


It  is  generally  recognized  that  the  ultrasonic 
energy  pattern  or  signature  reflected  from  a given 
target  contains  substantially  greater  information 
than  is  being  utilized  by  present  ultrasonic  non- 
destructive testing  techniques.  When  an  ultrasonic 
sound  beam  illuminates  a given  target,  the  pattern 
generated  by  the  target  contains  reflected,  dif- 
fracted and  redirected  energies  which  include  time, 
amplitude  and  frequency  spectral  information  that 
uniquely  describes  the  reflector.  Linear  arrays 
afford  the  opportunity  of  capturing  the  pattern 
reflected  from  a flaw  or  target.  The  concept  is 
shown  in  Fig.  1. 


Fig.  1.  Concept  for  acquiring  ultrasonic  data 
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LINEAR.  PHAbL-STEEREO  PROGRAM 

The  Electric  Power  Keseerch  Institute,  under 
Contract  RP  606-1,  has  funded  Battel le-Northwest 
to  develop  an  ultrasonic  imaging  system  for  the 
rapid  and  accurate  characteritat ion  of  flaws  in 
heavy  section  steel  structures.  This  ultrasonic 
system  utilized  two  linear  arrays:  0)  a 120- 
element  phase-steerable  array  for  pulse-echo  opera- 
tion, and  (2)  a single  illuminating  transducer 
coupled  to  a 120-element  linear  array  receiver  for 
acquisition  of  the  phase  information.  The  computer- 
based  ultrasonic  system  represents  an  advanced 
means  for  displaying  subsurface  defects  in  solid 
materials  and  can  operate  in  either  the  pulse-echo 
or  holographic  modes.  In  its  final  form,  the  sys- 
tem will  have  the  capability  of  providing  8-scan, 
C-scan  or  isometric  (combined  B-C-scan)  displays 
from  the  pulse-echo  information  and  will  be  capable 
of  high-speed  computer  reconstruction  of  the  phase 
or  holographic  data.  When  complete,  the  system  will 
provide  an  advanced  means  for  visualization  and 
interpretation  of  the  size,  shape  and  position  of 
subsurface  defects. 

The  major  advantage  of  array  technology,  as 
used  in  the  IPRI  ultrasonic  imaging  system.  Is 
speed.  The  time  required  to  perform  an  inspection 
in  either  the  pulse-erho  or  the  holographic  mode 
is  much  less  than  that  required  to  perform  a simi- 
lar inspection  with  conventional  single  transducer 
technology. 

In  the  pulse-echo  mode,  the  phase-steered 
ultrasonic  sound  field  is  nearly  identical  to 
the  sound  field  that  can  be  achieved  with  a mono- 
lithic single-element  transducer.  The  electronic 
steering  provides  for  high-speed  zero  and  angle- 
beam  inspections.  Data  from  these  inspections 
can  be  superposi tioned  on  the  display  to  provide 
a full  perspective  of  the  volume. 

In  the  holographic  mode  of  operation,  the 
array  network  provides  the  means  for  high-speed 
acquisition  of  phase  information  from  a la’ge 
aperture  (e.g.,  6-inch  x 6-inch  - 150mm  x ISOmn). 
Operational  details  and  performance  results  are 
given  in  other  reports  (1,2,3).  The  significance 


of  this  work  IS  that  the  ultrasonic  imaging  system 
being  developed  is  capable  of  providing  "images" 
for  enhancing  the  Interpretation  of  the  amplitude 
or  phase  information  reflected  frcvn  a given  flaw, 
ihe  theories  involveo  in  either  the  pulse-echo  or 
holographic  systems  are  within  the  state  of  known 
art . 

The  Electric  Power  Research  Institute  has 
agreed  to  make  available  the  ultrasonic  imaging 
system  being  developed  on  RP  6U6- I for  use  on  this 
program,  ihe  computer,  display  and  mechanical 
scanning  bridge  components  of  the  system  will  be 
utilized  as  the  core  for  its  technical  effort. 

The  imaging  system,  in  its  present  configuration, 
is  not  directly  adaptable  to  the  investigations. 

Data  acquisition  rates  for  automatic  Interpretation 
research  programs  are  much  slower  than  those  re- 
quired for  imaging.  As  an  example,  the  illumina- 
ting sound  field  will  remain  in  one  position  for 
the  period  of  time  required  to  switch  through  the 
various  receiver  locations  and  data  from  each  appro- 
priate position  will  be  recorded.  The  imaging  sys- 
tem samples  each  point  once,  lo  achieve  the  desired 
protocol,  a separate  electronic  netvwrk  will  be 
fabricated.  A block  diagram  of  tne  functional 
requirements  is  shown  in  fig.  2. 

Eignt  elements  of  the  120-element  array  will 
be  used  to  generate  a sound  field.  The  receiver 
switching  netowrk  will  sample  through  b4  separate 
locations;  amplitude,  time,  phase  and  RE  waveform 
data  will  be  recorded  from  specific  locations.  The 
RF  waveforms  will  be  recorded  on  a Biomation  8100 
transient  analyzer  which  interfaces  with  the  EPRI 
computer  system.  Ihis  system  is  compatible  with 
the  Adaptronics  computer  networks. 

The  arrays  used  in  the  present  EPRI  imaging 
system  are  not  directly  adaptable.  Ihe  lI’Rl  pulse- 
echo  array  is  a l20-eleiiient  linear  array  which  is 
3.6  inches  (91mm)  long  by  l-inch  l25iiiii)  wide  and 
is  designed  to  operate  in  a narrow-band  mode  at  a 
center  frequency  of  2.3  MHz.  The  DARPA  program 
requires  a broad-band  array  that  is  somewhat  longer 
and  somewhat  narrower,  consequently,  a new  array 
will  be  designed  and  fabricated  that  has  tne  per- 
formance features  desired  to  obtain  both  amplitude 
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Block  diagram  of  electronic  network 


and  spectral  infonnatlon. 

TEST  BLOCKS 


For  the  initial  demonstration  of  the  concept, 
test  clocks  nave  been  chosen  which  cohtain  a series 
of  machined  defects,  including  flat-bottom  holes, 
round-bottom  holes  and  EOH  notches.  A total  of 
9b  defects  will  be  used  in  the  initial  part  of 
the  experiment.  Table  1 shows  the  distribution 
of  the  machined  defects.  Defects  will  be  placed 
in  2-inch  (SUmmj  steel  plates.  The  defect  size 
range  was  chosen  to  cover  both  sub-wavelength  and 
multiple  wavelength  reflectors,  while  machined 
defects  are  significantly  easier  to  cha-acterize 
than  natural  flaws,  their  characterization  through 
ALN  interpretation  is  an  essential  learning  step. 

Table  I.  Machined  defects  in  steel  blocks 


Flat  Bottom  Holes 

Round  Bottom  Holes 

o 

o 

30° 

o 1 

°I 

30° 

1/64 

1/64 

1/64 

1/64 

II  II 

1/64  1^4  1/64  1/64 


16  16 

0° 

16 

EDM  Notches 

30°  0° 

16 

30° 

”3-1" 

"5-1" 

"3-1" 

"5-1" 

0.010 

0.010 

0.001 

0.01 

0.020 

0.020 

0.02 

0.02 

0.030 

0.030 

0.03 

0.03 

0.040 

0.040 

0.04 

0.04 

0.050 

0.050 

0.05 

0.05 

0.060 

0.060 

0.06 

0.06 

0.070 

0.070 

0.07 

0.07 

0.080 

0.080 

0.08 

0.08 

8 

8 

8 

8 

Total  Number : 96 


The  shape  of  the  machined  defects  (FBH,  RBH, 

EDM)  was  chosen  to  represent  laminations,  spnericai 
voids  and  crack- 1 ike  defects.  Iheorefical  work 
being  performed  under  other  uARPA/AFML  programs 
may  be  directly  correlatable  to  the  experimental 
results  achieved  on  this  program.  During  the 
course  of  the  program,  other,  more  typical,  "natural" 
defects  will  also  be  evaluated,  ihe  signature 
patterns  reflected  from  the  machined  defects  will 
establish  the  basis  for  future  work. 

DATA  ACQUISITION  AND  IMAGE  DISPLAY 

Figure  1 shows  the  basic  concept  in  which  the 
flaw  is  illuminated  by  the  transmitted  beam  and 
the  reflected  pattern  is  received  at  various  loca- 
tions along  tne  length  of  the  array.  The  engineer- 
ing experiment  is  designed  to  acquire  the  data. 
Identify  its  parameters  and  present  these  data  so 
that  the  significant  parameters  can  be  selected 
for  further  analysis.  Between  lO  and  2b  data  points 
will  be  recorded  for  each  of  the  96  flaws  in  the 
test  blocks.  Figure  3 shows  an  RF  waveform  typical 
of  the  pattern  recorded  on  the  Biomation  BiOO 
transient  recorder.  A printout  of  the  2(J48  sampling 


points  from  the  Biomation,  as  well  as  a hard-copy 
RF  waveform  of  the  signals  at  each  of  the  selected 
positions,  will  be  recorded. 

w oul  OF  101*4.  fvmn 


Fig.  3.  Typical  RF  waveform  digitized  by  Biomation 
transient  recorder 

To  demonstrate  the  display  capability  of 
current  technology,  photographs  and  recordings  of 
images  of  flaws  within  the  test  blocks  will  be 
taken,  tommercially  available  pulse-echo  C-scan 
techniques  will  be  used  as  one  of  the  display 
presentations.  In  addition,  the  ultrasonic  array 
imaging  system  developed  for  tPRl  to  provide  B- 
scan,  C-scan  and  isometric  (combined  B-C-scan) 
images  and  to  generate  phase  or  holographic  images 
of  the  various  flaws  will  be  employed. 

AUTOMATIC  ARRAY  OPERATION 


One  of  the  most  Important  features  of  the 
system  described  here  is  that  it  will  demonstrate 
the  feasibility  of  fully  automatic  collection  and 
interpretation  of  the  ultrasonic  data.  Ultimately, 
an  ALN  4000  microcomputer,  developed  by  Adaptronics, 
inc.,  W1-1,  on  initiation  by  an  operator,  scan 
the  object  under  Inspection  with  the  ultrasonic 
array  described  above.  Detection,  classification 
and  sizing  will  be  carried  out  without  operator 
intervention  in  the  final  configuration. 

Array  positioning  and  transmitting  and  re- 
ceiving logic  will  be  under  the  microcomputer's 
control,  and  will  initially  follow  an  optimum 
sequency  for  defect  detection.  Analysis  of  the 
returned  signals  in  this  mode  will  be  made  by  the 
ALN  4000  and  will  result  in  a detection  log,  giving 
the  locations  of  suspicious  regions  in  the  test 
specimen. 

Once  these  regions  of  interesi.  ha»e  been 
identifieu,  tne  microcomputer  will  position  the 
transducer  array  over  each  ot  them  in  turn,  hor 
eacn  detect,  a series  of  measurements  will  oe 
made,  again  under  computer  control,  which  will 
result  in  a decision  regarding  tne  type  of  defect 
under  examiiiatin  and  its  orientation.  Alter  this 
classification  step  is  completeo,  tne  system  will 
proceed  to  defect  sizing. 

The  sequence  or  operations  involved  in  sizing 
defects  will  depend  on  the  results  or  the  classi- 
fication step  described  aoove.  Tne  processor  will 
position  tne  array  in  the  correct  orientation  |Or 
orientations)  ano  generate  tne  requireo  ultrasonic 
beams.  Analysis  of  the  returns  at  selected  elements 
will  yield  an  estimate  or  the  defect  size. 
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The  EPfil  iiuging  system  mIiI  be  compatible  with 
the  hLN  iiOOu.  so  a visual  Image  of  the  defect  will 
ue  available  at  the  same  tune.  Figure  4 snows  the 
shared  system  of  control.  Instructions  foi  gather- 
ing the  information  required  oy  tne  imaging  system, 
as  well  as  that  ror  the  classirication  and  siting 
procedure,  can  be  stored  in  the  ALn  4000.  Conse- 
quently, the  image  formation  can  be  automated  as 
well,  and  a simultaneous  comparison  of  these  methods 
of  Ultrasonic  inspection  made. 


• flAW  MTKIIOW 

• HAW  CHAAACIItllATION 
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Fig.  H.  Shared  system  ot  control  between  the  EPRI 
imaging  system  and  the  ALN  4000  micro- 
computer interpretative  system. 

ALN  CLASSIFICATION  ANO  SIZING 

An  adaptive  learning  network  will  be  oeveloped 
to  process  the  ultrasonic  data  in  a mode  parallel 
to  that  wnicn  provioes  the  images  of  tne  previous 
section,  figure  d shows  the  streams  of  oata  flow, 
iwo  sequential  processes  must  be  performeo  by  the 
processing  system:  classification  ana  sizing. 

Tney  are  sequential  oecause  the  particular  measure- 
ments and  tneir  interpretation  ror  sizing  aepend,  to 
some  extent,  on  tne  nature  or  the  target  under 
examination. 


Fig.  5.  Information  flow  for  systems  shown  in 
Fig.  4. 


Classification:  It  is  anticipated  tnat  classirica- 
tion  of  tne  defects  into  planar  or  spherical  voias 
or  cracKS  can  take  place  using  time-aomain  para- 
meters only.  Advantage  will  be  taxen  of  tne  fact 
that  the  angular  distribution  or  the  rerlecteo 
anu  dirfracted  power  is  oeterminea  by  the  shape 
and  orientation,  as  weil  as  the  size  or  the  detect. 
Tnus,  ratios  of  total  power  scatterea  in  various 
directions,  ror  a few  directions  or  the  incident 
energy,  shoula  be  sufricient  to  aistinguish  between 
some  of  the  types  and  orientations  or  detects  to 
be  encountered  during  tnis  stuay.  these  ratios 
can  be  formea  from  powers  measureo  from  tne  time 
waveform,  simplirying  tne  data  processing  require- 
ments. 

further  information  as  to  detect  type  will 
tome  from  tne  location  of  the  returned  signal  in 
the  time-aomain  waveform,  ihis  inrormation,  com- 
binea  with  tne  velocity  ana  path  length  or  ultra- 
sound in  the  test  block,  will  give  the  oefect's 
spatial  location,  assisting  in  discriminating 
oetween  cracks  growing  from  the  oacx  surface  and 
voids  within  the  metal. 

Since,  in  general,  mode  conversion  occurs 
when  Ultrasonic  energy  in  solias  strixes  a detect, 
more  than  one  type  or  returned  wave  may  be  aetected 
by  the  receive  array.  Again,  power  ratios  among 
these  arrivals  are  expected  to  give  information 
useful  for  classification. 

Sizing:  Once  the  nature  and  orientation  or  the 
detect  have  been  oeterminea,  tne  appropriate  RF 
waveforms  will  be  acquired  to  proceed  with  sizing. 
Some  or  these  waveforms  may  already  nave  been 
taken  during  the  classification  process;  it  so, 
they  will  not  oe  remeasured.  Now,  Fourier  spectra 
of  the  oata  will  be  taxen  and  additional  parameters 
extracted.  It  is  expecteo  that  tne  ratios  or 
moue-converted  energy  oeterminea  in  the  classifi- 
cation step  may  also  be  used  in  the  sizing  step, 
ihese  spectral  ano  time-aomain  parameters  will  be 
input  to  an  ALn  trained  to  estimate  the  size  of 
the  particular  detect  type  and  orientation  unaer 
inspection.  Tnen  the  outputs  of  the  classirication 
AlN  and  tne  sizing  AlN  will  oe  presented  simul- 
taneously to  give  tne  best  availaole  estimate  or 
the  detect  type,  orientation,  and  oimension. 
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DISCUSSION 


Don  Forney,  Chairman  (AFMl):  Thank  you.  Tony.  The  bell  went  off  while  the  applause  was  going  on,  so  the 
timing  was  perfect.  We're  running  behind  time,  and  as  a result,  I would  like  to  press  on  without 
questions  at  this  time.  I know  that  the  talks  deserve  an  opportunity  for  questions  and  answers, 
but  we’re  just  running  out  of  time  and  perhaps  you  can  attack  either  Tony  or  Jerry  during  the  poster 
session  this  afternoon  and  get  some  more  details.  Thank  you. 

Robert  Green  (Johns  Hopkins):  Don,  could  they  just  comment  on  when  they'll  get  some  results  on  this? 

Don  Forney,  Chairman:  Bob  ask»d  the  question,  "When  do  you  expect  some  results  from  this  that  they  can 
look  at?" 

Anthony  N.  Mucciardi  (Adaptronics,  Inc.);  Preliminarily,  within  six  months,  and  more  specifically, 
by  about  this  time  next  year. 

Don  Forney,  Chairman:  So  you  do  have  time  to  wait  until  this  afternoon. 


TEiT  BtU  fUR  QuANIlTATIVt  NDE 


R.  C.  Add t son  Jr.  and  R.  B.  Thompson 
Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


ABSTRACT 


The  ARPA/AFML  Interdisciplinary  Proarani  for  Quantitative  Flaw  Definition  has  denKinstrated  a number 
of  new  techniques  for  quantitatively  sizing  flaws,  as  are  reported  elsewhere  in  these  proceedings.  The 
ne»t  step  required  in  the  transfer  of  this  technology  to  the  production  line  is  the  assembly  and  demon- 
stration of  tnese  techniques  in  a single,  integrated  measurement  system.  The  technical  plan  of  a 
recently  initiated  test  bed  program,  which  will  serve  this  function,  is  described  here. 

The  hardware  system  will  consist  of  a California  Data  Corporation  microcomputer  based  controller 
driving  a six  degree  of  freedom  system  composed  of  an  Automation  Industries  manipulator  and  turntable 
plus  an  in-house  bridge.  Overall  control  of  the  system  will  be  handled  by  a Data  General,  Eclipse  S/200 
minicomputer.  This  system  will  have  a series  of  operational  modes.  Initial  scanning  of  a part  wil',  be 
accomplished  in  a manner  similar  to  that  presently  used  in  computer-controlled  ultrasonic  systems  at 
several  industrial  facilities.  In  addition,  the  system  will  have  an  extended  data  gathering  capability 
so  that  imaging,  adaptive  learning,  and  long  wavelength  ilaw  characterizat ion  techniques  can  be  imple- 
mented under  control  of  the  minicomputer  and  with  the  aid  of  auxiliary  hardware  as  appropriate.  The 
computer  will  further  be  used  in  processing  and  displaying  the  derived,  failure  related  infonnation. 
System  design  will  be  sufficiently  flexible  that  it  can  be  used  in  the  evaluation  of  other  new  research 
results  as  they  are  developed. 


The  ultrasonic  test  bed  program  has  been  ini- 
tiated to  complement  the  ARPA'AFML  Interdisci- 
plinary Program  for  Quantitative  Flaw  Definition. 
Specifically,  we  plan  to  implement  the  variety  of 
new  techniques  that  have  aiisen  for  obtaining 
quantitative  data  about  flaws  such  as  the  size, 
shape,  orientation  and  stress  intensity  factor. 

I he  completed  test  bed  will  be  self  con- 
tained, wi 1 1 be  based  on  the  design  used  in  com- 
mercially available  contour  following  units  and 
will  use  commercially  available  hardware  and 
controllers  coupled  to  a dedicated  minicomputer. 

All  of  the  modes  of  flaw  characterization  that 
are  being  developed  in  the  ARPA'AFML  program  will 
be  incorporated  in  the  test  bed.  These  techniques 
will  be  applied  to  geometries  that  are  found  in 
real  parts  such  as  turbine  disks.  The  test  bed 
design  will  be  sufficiently  flexible  to  evaluate 
other  new  techniques  as  they  become  available. 

An  important  feature  of  the  test  bed  is  that 
it  is  a fully  dedicated  facility  that  will  be 
available  for  use  by  DoD  contractcs  for  a year 
after  completion  of  the  contract. 

To  facilitate  the  explanation  of  the  test  bed 
program,  the  feedback  system  shown  in  Fig.  I will 
be  used  as  a paradigm.  I he  input  to  this  system 
will  be  real  parts  containing  flaws.  A collection 
of  data  will  be  extracted  from  each  part  concern- 
ing the  location  and  number  of  tentative  flaws. 
Next,  each  flaw  will  be  processed  according  to 
one  or  more  of  the  established  techniques  for 
extracting  quantitative  values  of  the  flaw  para- 
meters. ihese  measured  flaw  parameters  will  then 
be  compared  to  the  actural  flaw  parameters  and 
the  results  of  this  comparison  will  be  fed  bark 
and  used  to  improve  the  techniques  for  obtaining 
quantitative  values  of  the  flaw  parameters. 
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Fig.  I.  Feedback  system  paradigm  for  test  bed 
program. 

I he  present  ARPA  AFML  program  h.is  fostered 
the  develoimient  of  the  separate  modules  that  make 
up  the  flaw  processing  block  in  the  diagram.  One 
of  the  functions  of  the  test  bed  program  will  be 
to  integrate  these  modules  into  a working  system. 

It  will  be  necessary  to  establish  a suitable  inter- 
connection scheme  for  the  nxidules  and  deal  with 
any  interfacing  problems  that  occur.  The  test 
bed  program  will  also  address  the  problem  of 
extracting  data  from  flaws  in  real  parts.  The 
basis  for  doing  this  will  be  a conventional  con- 
tour following  system.  The  departure  from  a con- 
ventional system  will  occur  when  specific  flaws 
are  addressed  in  a detailed  way,  ano  in  the  use  of 
an  acoustic  array  to  gather  data.  Finally,  the 
test  bed  will  provide  a means  for  directly  comparing 
the  results  of  flaw  evaluation  techniques  in  real 
parts  wifn  the  actual  flaw  parameters. 
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The  benefits  to  be  derived  from  the  test  bed 
program  are  closely  related  to  the  system  shown  In 
Fig.  I.  The  technology  transfer  Items  are: 

1)  The  Integration  of  the  various  research 
results  or  modules  Into  a form  suitable  for 
transfer  to  DoD  contractors. 

2)  The  demonstration  that  the  Improved  accept/ 
reject  criteria  can  be  applied  successfully 
to  real  parts. 

3)  A prototype  for  future,  more  specialized 
systems  and  stand  alone  spin-offs. 

There  are  two  Interrelated  Items  that  are 
associated  with  the  feedback  loop  to  the  research 
modules.  First,  there  Is  the  comparison  of  the 
measured  flaw  parameters  with  the  actual  flaw 
parameters  and  the  refining  of  the  measurement 
techniques.  Second,  If  after  suitable  refinements 
have  been  made,  one  finds  that  practical  con- 
straints degrade  the  quality  of  some  of  the  mea- 
sured flow  parameters,  this  Information  can  also 
be  fed  back  Into  the  research  program. 

One  of  the  laboratories  within  the  Science 
Center  will  be  dedicated  for  use  by  the  test  bed. 

I he  layout,  shown  In  Fig.  2,  Includes  the  water 
tank.  Instrument  racks  and  the  minicomputer. 
Rockwell  is  providing  the  money  for  the  capital 
equipment  as  well  as  the  laboratory  space.  The 
benches  on  the  left  side  of  the  room  will  provide 
space  for  other  UoD  contractors  to  set  up  their 
own  experiments  to  be  performed  with  the  test  bed. 


Fig.  2.  Layout  of  test  bed  laboratory. 


The  test  bed  will  operate  1n  two  distinct 
modes.  First,  there  Is  the  search  mode  during 
which  the  entire  part  Is  scanned.  As  the  scan 
progresses,  the  echo  waveforms  are  quickly  compared 
In  a fairly  coarse  way  to  some  sort  of  reference. 
For  those  echoes  that  seem  to  come  from  flaws, 
the  coordinates  for  the  position  of  the  flaw  are 
stored  In  memory  so  that  at  a later  time,  the  flaw 
can  be  fully  evaluated.  The  test  bed  will  then 
enter  the  evaluation  mode  and  will  take  each  of 
the  tentatively  Identified  flaws  In  turn  and 
examine  it  In  detail.  The  particular  technique 
used  for  the  examinations  will  depend  on  the  size 
of  the  flaw  relative  to  the  wavelength  of  the 
ultrasonic  beam.  The  appropriate  parameter  to  use 
for  categorizing  flaws  Is  ka,  where  k * 2ti/x,  \ Is 
the  wavelength  of  the  acoustic  wave  and  a Is  the 
radius  of  the  flaw.  The  four  techniques  of 
examination  to  be  used  are  sunmarlzed  In  Fig.  3 
according  to  the  value  of  ka. 


I.  SEARCH  MOM -OAFIO  SCAN  TO  LOCATE  OUCSIlONAtUMlEAS. 

II.  EVALUATION  MOM  MORE  OCTAIUO  EVALUATION  OE  lOOITIFIEII  AREAS. 

TV?E  REGIME  AOVANTACES 

IMAGING  U4.]  HIGH  INFORAWTION  CONTENT 

lk<l  I EASILY  INTERPRETEO  DISPLAY 

RE SMVES  MULTIPLE  FLAWS 

MOML  BASED  RE- 
CONSTRUCTION O’J  PHYSICAL  PRINCIPLES  USED  TO 

IMPROVE  RESOLUTION  AND  TREAT 
MOM  CONVERSION 

MOML  BASED  ADAPTIVE 

LEARNING  NETWORKS  O.A<1ll-l  MULTIPLE  SCATTERING  TAKEN  INTO 

ACCOUNT.GAIN  MORE  INFORMATION 
IN  DIFFICULT  REGIME. 

LONG  WAVELENGTH 

SCATTERING  kxD.S  FRACTURE  RELATED  PARAMETERS 

MDUCED  FROM  A FEW  MEASUREMENTS 
MAY  BE  USEFUL  IN  AUTOMATION 


Fig.  3.  Modes  of  operation. 

For  ka  > 6.3,  imaging  Is  the  preferred  method 
of  examination.  It  provides  high  Information  con- 
tent and  an  easily  Interpreted  display.  An  addi- 
tional advantage  of  this  technique  Is  that  It  can 
provide  a high  resolution  map  of  the  flaw  area 
and  can  separate  multiple  flaws,  even  when  It  can- 
not resolve  details  of  the  Individual  flaws.  For 
ka  > 3,  It  Is  preferable  to  use  a model  based  recon- 
struction technique,  such  as  those  being  developed 
by  Bleistein  and  Cohen*,  and  also  Rose^.  Here, 
physical  principles  related  to  the  wave  propaga- 
tion are  used  to  Improve  the  resolution  and  also 
treat  mode  conversion.  For  ka  between  0.4  and  3, 

It  Is  difficult  to  obtain  Information  about  the 
flaw  unless  one  uses  a model  based  on  adaptive 
learning  networks  which  takes  account  of  multiple 
bounces  within  the  scatterers.  For  ka  < 0.5,  we 
are  In  the  long  wavelength  regime.  Here,  one 
can  make  a few  measurements  and  by  calculating 
the  curvature  of  the  spectrum  of  the  defect  signal, 
one  can  deduce  the  stress  Intensity  factor.  Thus, 
it  Is  possible  to  obtain  a single  number  that 
will  characterize  the  flaw.  This  may  prove  advan- 
tageous for  automating  a system  to  categorize  flaws. 

In  order  to  Implement  these  techniques,  we 
must  establish  a protocol  for  their  use.  In  other 
words,  we  must  determine  how  the  various  research 
modules  are  to  be  interconnected  In  the  "quantita- 
tive flaw  techniques"  box  shown  in  Fig.  1.  The 
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system  we  Intend  to  use  Is  shown  In  Fig.  4. 


Fig.  4.  System  protocol . 

The  part  Is  first  searched  and  once  a flaw 
Is  found.  It  Is  Imaged.  If  the  flaw  size  Is  re- 
solved, the  accept/reject  criteria  is  used  to 
decide  if  the  part  is  acceptable.  If  it  is  un- 
resolved, a map  can  be  made  to  determine  if  there 
are  multiple  flaws  within  a small  area.  Next, 
appropriate  data  is  taken  so  that  a reconstruction 
technique  can  be  used  to  form  an  Image  of  the 
flaw.  If  the  flaw  Is  still  unresolved,  we  will 
examine  the  Fourier  transform  of  the  defect  signal 
with  the  transducer  response  properly  deconvolved 
and  determine  the  ka  value  of  the  flaw.  Depending 
on  the  value  of  ka,  we  will  then  use  either  adap- 
tive learning  techniques  or  long  wavelength  tech- 
niques to  characterize  the  flaw. 

The  road  maps  shown  in  Fig.  5 provide  some 
additional  insight  concerning  the  way  results 
obtained  in  the  ARPA/AFML  program  will  be  factored 
Into  the  test  bed  program.  At  the  present  time, 
we  are  in  the  detailed  design  phase  of  the  program 
and  are  utilizing  inputs  from  the  four  different 
data  gathering  regimes  to  help  define  the  needs 
of  the  system.  Later,  when  the  techniques  are 
being  Implemented,  the  feedback  loop  of  Fig.  1 
will  be  used  to  transfer  information  from  the  test 
bed  to  the  AKPA/AFML  program  concerning  the  need 
for  revision  of  some  of  the  examination  techniques. 
These  revisions  will  subsequently  be  Incorporated 
Into  the  test  bed  program.  This  exchange  will 
occur  on  a continuous  basis  for  the  entire  period 
of  overlap  between  these  programs. 

The  block  diagram  for  the  physical  test  bed 
system  is  shown  in  Fig.  6.  The  transducer  has 
five  degrees  of  freedom,  it  can  be  moved  recti- 
linearly  along  x,  y and  z,  as  well  as  having  a 
double  gimbal  movement  that  will  permit  It  to  be 
rotated  about  two  orthogonal  axes.  The  two  gim- 
bal movements,  as  well  as  the  z axis  motion,  are 
Incorporated  Into  a standard  manipulator  arm  that 
is  being  provided  by  Automation  Industries.  The 
X and  y motions  are  incorporated  into  an  existing 


assembly.  We  expect  to  maintain  a positioning 
accuracy  for  the  overall  system  of  about  .040" 
over  the  entire  range  of  motion.  Stepping  motors 
will  be  used  to  move  the  transducer  in  .001"  incre- 
ments. Tne  control  for  the  stepping  motors  will 
be  handled  by  a microcomputer  system  that  will  be 
provided  by  California  Data  Corporation. 
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Fig.  5.  Koad  maps. 


Fig.  6.  Test  bed  block  diagram. 

In  addition  to  the  five  degrees  of  freedom  of 
the  transducer,  a sixth  degree  of  freedom  is  pro- 
vided by  a turntable  that  provides  a fast  axis  for 
rotational ly  symmetric  parts  such  as  turbine  disks. 
In  operation,  the  turbine  disk  will  be  rotated  at 
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a speed  that  ts  selected  on  the  basis  of  the 
desired  resolution  for  the  Inspection  as  well  as 
the  maximum  pulse  repetition  rate  of  the  trans- 
ducer. The  transducer  will  be  moved  radially 
along  the  turbine  disk  and  will  be  kept  pointing 
along  the  normal  to  the  surface  of  the  disk.  The 
microcomputer  will  control  the  movement  along  any 
one  curve  segment,  and  the  minicomputer  will 
specify  the  end  points  of  the  curve  segments  and 
the  location  of  their  center  of  curvature  If  they 
are  not  straight  lines. 

The  echo  train  from  the  part  will  be  digitited 
and  sent  to  the  minicomputer  where  It  will  be 
analyzed  In  a coarse  way  to  see  If  there  Is  a ten- 
tative flaw  present.  If  a tentative  flaw  Is  iden- 
tified, the  minicomputer  will  obtain  the  coordi- 
nates for  that  point  from  the  microcomputer  and 
store  them  in  memory,  ihis  process  will  comprise 
the  search  mode  that  was  mentioned  above.  When 
this  process  Is  completed,  each  of  the  tentative 
flaws  will  be  examined  In  detail  according  to  the 
specified  protocol  and  quantitative  flaw  parameters 
wl  1 1 be  determined. 

A schematic  of  the  configuration  of  the  water 
tank,  X and  y axes,  and  the  manipulator  is  shown 
In  Fig.  7.  Ihe  water  tank,  which  Is  being  supplied 
by  Automation  Industries,  will  be  about  b'  long 
X 3 1/4'  wide  X 3 1/2'  deep.  The  turntable  will 
be  located  In  the  bottom  of  this  tank.  The  block 
diagram  of  the  microcomputer  system  that  Is  being 
supplied  by  California  Data  Corporation  Is  shown 
In  Mg.  8.  The  minicomputer  (an  Eclipse  S/200) 
will  send  over  the  starting  and  ending  coordinates 
for  the  curve  segments  of  a rotational ly  syimietrlc 
part.  For  an  arc,  the  coordinates  of  the  center 
of  curvature  will  be  sent  over  as  well.  These 
coordinates  will  be  stored  In  the  KAM  memory.  The 
master  control  will  proportion  the  steps  to  the 
various  stepping  motors  so  that  the  transducer 
follows  the  contour  of  the  part  with  a precision 
that  Is  conmensurate  with  the  precision  of  the 
stepping  motors.  Ihe  minicomputer  will  be  ana- 
lyzing the  echo  data  and  when  It  Identifies  a ten- 
tative flaw,  it  will  obtain  the  coordinates  of 
the  flaw  from  the  microcomputer  and  store  them  In 
memory . 


Fig.  8.  Block  diagram  of  microcomputer  system. 


We  have  been  Implicitly  assuming  that  a single 
transducer  will  be  utilized  for  the  search  mode 
described  above.  Ihis  will  certainly  be  true  dur- 
ing the  Initial  phases  of  the  program.  We  also 
plan  to  Initially  use  only  one  or  two  transducers 
for  collecting  data  during  the  detailed  examination 
mode.  Ultimately,  we  plan  to  use  an  acoustic  array, 
both  for  forming  Images  and  also  for  obtaining 
scattering  data.  We  are  currently  doing  the  design 
work  for  an  array  that  will  be  suitable  for  these 
purposes.  Figure  9 shows  a linear  array  with  time 
delay  steering  which  would  have  a total  of  240  ele- 
ments. Only  16  contiguous  receive  and  16  contiguous 
transmit  elements  would  be  used  at  any  one  time. 

The  delays  for  the  elements  would  be  programmable. 
Ihis  type  of  array  would  be  advantageous  for  looking 
at  real  parts  that  have  non-flat  surfaces.  The 
capability  of  tilting  the  beam  and  changing  Its 
focus  would  permit  contour  following  at  a much 
faster  rate  than  Is  possible  with  stepping  motors. 
Furthermore,  one  could  adjust  the  focus  to  compen- 
sate for  the  deficiency  caused  by  the  curvature  of 
the  part.  In  the  Imaging  mode,  the  second  trans- 
verse dimension  of  the  image  could  be  generated  by 
rotating  the  turntable.  There  are,  of  course,  other 
possibilities  as  well,  ihe  array  would  utilize 
pulses  of  ultrasound  and  would  work  In  the  reflec- 
tion or  pitch  catch  mode.  The  contour  of  the  part 
woulo  be  stored  in  the  computer  and  would  be  used 
to  steer  and  scan  the  beam  formed  by  the  array. 

IMAGING  MOM 
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Fig,  9.  Linear  array  used  for  reflection  mode 
Imaging. 
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For  obtAlnIng  scattering  data,  the  array 
could  be  used  as  shown  In  Fig,  10,  I.e.,  in  a 
pitch  catch  mode  with  the  receive  elements  oper- 
ating over  a range  of  angles  as  the  array  is 
rotated  about  an  asis  passing  through  the  flaw. 

Note  that  the  array  has  the  flexibility  to  operate 
In  the  pulse  echo  mode  and  also  to  use  a group  of 
elements  displaced  from  the  rotation  axis  as  trans- 
mitters In  a pitch  catch  configuration. 
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Fig.  10.  Linear  array  used  in  a pitch  catch  mode 
for  obtaining  scattering  oala. 

The  electronics  for  driving  this  array  (Fig. 
II)  will  be  comprised  of  16  receive  channels  and 
16  transmit  channels.  There  will  be  a program- 
mable digital  delay  line  in  each  of  the  1b  trans- 
mit channels  that  will  be  switched  to  one  of  the 
16  active  transducer  elements  by  a switching 
matrix.  The  delay  lines  and  the  switching  matrix 
will  be  driven  by  a computer  memory  containing 
the  part  contour  information.  The  active  array 
elements  will  be  shock  excited,  ihe  receive 
channel  will  have  a preamplifier,  another  pro- 
granmiable  switching  matrix  and  a progranmable 
analog  delay  line.  The  outputs  of  the  analog 
delay  lines  will  be  sunned  and  digitized  before 
sending  them  to  the  computer.  We  are  currently 
working  out  the  details  of  this  design. 


We  plan  to  look  at  a wide  variety  of  different 
parts  during  the  test  bed  program,  including  many 
of  the  samples  that  have  been  used  during  the 
ARPA/AFHL  program.  In  addition,  we  will  specifi- 
cally look  at  three  categories  of  defects  as  a 
final  exam.  First,  there  will  be  a demonstration 
of  the  capability  of  the  ultrasonic  inspection 
system  to  predict  the  life  of  a cracked  part  sub- 
ject to  fatigue  stresses.  We  wi 1 1 first  measure 
the  si/e  and  aspect  ratio  of  a surface  crack  on  a 
flat  plate.  Next,  the  sample  will  be  fatigued  and 
then  ultrasonically  measured.  Ihis  cycle  will  be 
repeated  several  times  in  order  to  demonstrate 
that  the  crack  growth  can  be  tracked  by  ultrasonic 
measurements.  A prediction  of  the  life  of  the 
sample  will  be  made  and  then  it  will  be  fatigued 
until  failure.  The  actual  lifetime  will  be  com- 
pared with  the  predicted  lifetime. 

Next,  there  will  be  a demonstration  of  the 
capability  of  the  test  bed  to  detect  and  si/e 
Internal  inclusions  in  a real  part.  One  "f  the 
parts  that  is  of  current  Interest  is  a turbine  disk, 
and  in  particular,  there  is  a need  to  be  able  to 
detect  defects  in  the  inner  bore  of  a F-lOO  tur- 
bine disk.  This  inner  bore  is  7“  in  diameter  and 
the  test  bed  will  be  designed  to  access  a bore  of 
this  site,  because  of  the  difficulty  of  obtaining 
a turbine  disk  with  a flaw  in  its  inner  bore,  we 
will  probably  simulate  this  flaw  by  diffusion 
bonding  two  titanium  disks  together  with  an  inclu- 
sion inside  of  them.  The  bonded  disk  will  then  be 
machined  so  that  it  is  crescent  shaped  with  the 
inner  periphery  of  the  crescent  having  a 7"  dia- 
meter. The  flaw  will  be  Just  inside  of  this  inner 
surface.  Thus,  we  will  have  to  access  a flaw  that 
Is  just  below  a concave  cylindrical  surface. 

Finally,  we  will  inspect  a part  with  a complex 
geometry.  We  anticipate  that  this  will  be  the 
third  stage  compressor  disk  that  has  been  removed 
from  a Tr-33  engine.  This  disk  will  contain 
cracks  emanating  from  bolt  holes  previously  char- 
acterued  by  eddy  current  technigues.  This  will 
provide  the  most  stringent  test  of  the  effects  of 
complex  geometry  on  the  quantitative  NOt  procedures. 
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Fig.  11.  Flectronics  for  driving  array. 


DISCUSSION 


Paul  Muller  (Saarb.urken  University):  I’m  accustomed  to  observe  from  this  country  that  which  is  called 
"mock-ups"  and  you  use  the  term  "test  bed."  My  question  is:  These  test  beds  which  were  described 
which  you  re  going  to  build,  are  they  prototype  equipment  for  automatic  testing  systems  to  relate  to 
use  n fabrication  or  are  they  just  to  demonstrate  the  capabilities  of  systems  and  methods  you’re 
developing  under  this  program?  j 

Robert  C.  Addison  (Science  Center):  The  test  bed  that  I am  working  on  I see.  first  of  all.  as  a demon- 
stration of  some  of  the  quantitative  flaw  techniques  with  real  parts  and  second  of  all.  as  I mentioned 
in  one  of  the  slides,  our  test  bed  will  probably  will  be  more  general  than  one  might  really  want 
[Z,  i system.  Thus,  you  would  select  a system  or  a class  of  parts  and  then  you  would  ^ 

spetialice  the  system.  This  system  could  then  be  used  as  a prototype  for  a specialised  system. 

Paul  Holler:  We  are  not  yet  considering  the  environmental  discrepancies  and  conditions  you  would  have 
later  on,  so  the  mock  up  will  be  the  next  step? 

Robert  C.  Addison  Ves.  I believe  that  will  be  the  next  step,  if  I understand  the  question. 

Paul  Holier:  Thank  you  very  much. 
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ULTRASONIC  IMAGING  PROJECT  AND  TEST  BED 


B.  J.  McKinley 

Lawrence  Livermore  Laboratory 
Livermore,  CA  94550 


ABSTRACT 


This  paper  describes  the  Lawrence  Livermore  Laboratory  (LLL)  Ultrasonic  Imaging  Project.  The 
project's  purpose  is  to  increase  resolution  and  produce  accurate  graphic  ultrasonic  images.  Sub 
projects  directed  at  achieving  these  goals  are;  (1)  mathematic  modeling  of  elastic  wave  scattering 
for  realistic  defects,  (2)  developing  signal  analysis  techniques  to  allow  thorough  quantitative 
ultrasonic  field  measurements,  (3)  design  and  fabrication  of  a high  precision,  versatile,  computer 
controlled  two- transducer  ultrasonic  test  bed  with  on-line  computerized  data  acquisition,  analysis, 
and  image  display. 


Improved  methods  for  quantitative  evaluation  of  bond  strength,  cracks,  and  joining  are  required 
by  current  LLL  programs.  From  these  requirements  the  necessity  for  a two  transducer  test  bed  has 
become  evident.  The  major  emphasis  of  this  paper  is  to  describe  the  sophisticated  new  concept  in 
ultrasonic  test  beds  now  under  development. 

INTRODUCTION 


An  Ultrasonic  Imaging  Project  is  in  progress 
at  Lawrence  Livermore  Laboratory  (LLL).  The 
purpose  of  the  project  is  to  increase  resolution 
and  produce  accurate  graphic  ultrasonic  images. 

The  word  “image"  is  used  in  a broad  sense  to 
include  a variety  of  methods  for  displaying 
quantitative  test  results.  A central  feature  of 
the  project  is  the  two- transducer  ultrasonic  test 
bed  shown  schematically  in  Fig.  #1. 

Our  motivation  comes  from  the  need  to  satisfy 
an  endless  variety  of  LLL  ultrasonic  inspection 
requirements.  The  overall  project  goal  is  to  make 
pertinent  quantitative  material  evaluations  with 
the  highest  attainable  accuracy.  Our  requirements 
generally  fall  into  four  categories;  First,  bond 
strength  evaluation;  second,  accurate  surface 
crack  depth  measurement,  third,  definition  of  the 
size,  shape  and  orientation  of  material  defects, 
and  fourth,  the  inspection  of  one  of  the  above 
three  categories  in  some  complex  configuration. 


Fig.  1.  Ultrasonic  Imaging  Project  Schematic 


The  present  state-of-the-art  in  ultrasonics 
is  limited  in  its  ability  to  produce  quantitative 
measurements.  To  minimize  these  limitations,  we 
have  concentrated  our  efforts  on  improving  our 
theoretical  understanding  and  developing  advanced 
test  hardware.  The  theoretical  research  involves 
mathematical  modeling  of  the  scattered  elastic 
fields  from  realistic  defects  and  perfecting 
signal  analysis  techniques  necessary  for  quantita- 
tive field  measurements.  The  development  effort 
involves  upgrading  existing  ultrasonic  test  beds 
in  terms  of  versatility,  accuracy,  online  data 
analysis,  and  graphic  display.  The  concepts  for 
the  new  two-transducer  ultrasonic  test  bed  now 
under  development  have  evolved  out  of  practical 
experiences  of  the  past  15  years.  These  experi- 
ences include  ultra-precision  machine  tool  design, 
ultrasonic  instrument  design,  computer  control  of 
manipulators  and  data  acquisition,  and  study  of  a 
wide  range  of  theoretical  approaches  to  the  Imaging 
problem.  The  versatility  and  precision  of  this 
test  bed  are  absolutely  necessary  to  realize  the 
full  potential  of  ultrasonics. 

LLL  PROGRAM  REQUIREMENTS 

There  is  a wide  variety  of  ultrasonic  tests 
which  we  are  asked  to  do.  They  differ  primarily 
in  the  geometry  of  the  objects  to  be  inspected. 

In  our  Lab,  as  in  many  others,  the  trend  towards 
more  efficient  designs  has  made  quantitative  non- 
destructive testing  extremely  Important.  More 
complex  designs,  high  strength  requirements,  com- 
posite materials,  and  a number  of  new  joining 
techniques  have  made  dramatic  changes  in  ultra- 
sonics, particularly  with  regard  to  the  required 
resolution.  In  general,  the  test  requirements 
can  be  divided  into  four  categories  which  are 
discussed  in  the  following  section. 

Bond  Strength  Evaluation  Problems  - In  bond 
strength  evaluation  our  task  is  to  image  the  size 
and  distribution  of  "island  of  unbond"  and  corre- 
late the  results  with  reduced  bond  strength.  There 
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are  three  types  of  evaluations  of  mriedlate 
interest.  The  first  and  simplest  geometry  is  the 
plain  bonded  surface.  Examples  are  diffusion 
bonding  and  plating  where  the  bond  Interface 
position  is  well  defined.  The  second,  and  more 
complicated,  is  the  multiple  plain  bond  Interface. 
An  example  is  the  bonding  of  two  dissimilar 
materials  with  a tnin  plating  of  a third  material 
between  them.  The  third  category,  which  includes 
a braze,  is  referred  to  as  a "graded  interface". 
These  interfaces  are  more  complicated  because  the 
lack  of  knowledge  of  exact  depth  of  unbond  defects 
within  the  bond  zone,  the  variation  of  material 
constituents  after  solidification,  and  the 
uncertainty  of  the  reflectivity  of  a normal  braze. 

Surface  Crack  Depth  Measurements  - Cracks  which 
terminate  at  a free  surface  are  of  great  concern. 
Our  task  is  to  describe  the  crack  accurately. 
Fracture  mechanics  concepts  can  then  be  used  to 
calculate  the  serviceability  of  a structure 
given  the  dimensions  of  the  crack.  An  example  is 
the  "crack"  that  is  the  result  of  incomplete  pene- 
tration of  a butt  weld.  Since  the  position  and 
orientation  of  such  a crack  is  known,  our  objective 
is  simply  to  measure  its  depth.  The  complications 
involve  variations  in  material  properties  in  the 
weld  zone  and  adequate  resolution  when  the  crack 
critical  dimension  is  on  the  order  of  a wavelength. 

Material  Defect  Evaluation  - Quantitative  measure- 
ment  of  the  size,  shape,  and  orientation  of 
material  defects  such  as  cracks,  voids,  and 
inclusions  is  an  extremely  broad  category.  It  is 
an  area  where  significant  advancements  have 
recently  been  made,  particularly  in  mathematical 
modeling  of  the  scattering  of  idealized  defects 
such  as  ellipsoidal  voids  and  penny  shaped  cracks. 
We  intend  to  put  a sizable  effort  into  both  the 
theory  and  experimental  verification  of  the 
mathematical  models  predicted  by  the  theory. 

Inspection  of  Complex  Con figure t'ons  - LLL 
designers  are  extremely  clever  at  producing  objects 
that  are  almost  impossible  to  Inspect.  A great 
deal  of  our  effort  involves  fixturing  to  handle 
complex  configurations  or  items  which  are  one  of 
a kind.  The  greatest  difficulty  occurs  when  it  is 
necessary  to  manipulate  two  transducers  indepen- 
dently to  perform  the  inspection.  A simple  example 
is  a small  tube  brazed  into  a cylinder  with  the 
tube  axis  not  normal  to  the  cylinder  wall. 

LIMITATIONS 


The  limitations  of  ultrasonics  are  easily 
stated.  We  need  to  Increase  resolution  and  produce 
intuitive  Images,  or  displays.  The  simplest  way 
to  Increase  resolution  is  to  increase  frequency 
as  is  done  with  an  acoustic  microscope.  There  are 
problems  in  inspecting  industrial  products  which 
limit  the  frequency  we  can  use,  but  in  general  our 
trend  will  be  toward  higher  frequency.  We  need  to 
Improve  the  precision  of  our  systems  in  an  overall 
sense.  We  must  design  mechanical  and  electronic 
systems  with  a primary  objective  of  accuracy  and 
"built  in"  methods  of  maintaining  and  checking 
the  accuracy  over  the  life  of  the  system.  In  other 
words,  a fundamental  limitation  is  the  lack  of 
imaging  systems  which  can  be  calibrated. 

There  are  two  theoretical  limitations  which 
we  are  working  on.  First,  we  don't  know  what  the 


fields  "look  like"  that  are  being  scattered  by  the 
various  material  anomalies  we  seek  to  evaluate. 

The  mathematical  models  which  presently  exist 
describe  only  the  simplest  geometries,  and  these 
rarely  appear  in  practice.  Second,  signal  analysis 
techniques  are  Inadequate.  Improvements  in  range 
resolution  and  spectral  analysis  are  necessary  to 
perform  the  complex  correlation  between  ultrasonic 
data  and  physical  requirements  of  the  test  object. 

SOLUTION  ACTION 


Looking  at  the  requirements  stated  in  a 
previous  section  we  have  recognized  some  funda- 
mental limitations  in  our  system.  Our  approach 
to  correct  these  limitations  is  two  phased.  First, 
research  aimed  at  mathematical  modeling  of  the 
scattering  process  and  development  of  improved 
signal  analysis  methods  are  in  progress.  Second, 
we  have  a continuous  development  prcject  intended 
to  upgrade  existino  test  bed  hardware,  control 
technique,  and  data  acquisition/analysis  methods. 

Research  - We  presently  have  a two  rvan  effort  in 
the  area  of  theoretical  work.  Specifically,  we 
are  interested  in  solutions  or  apt roaches  which 
can  be  applied  to  practical  problems.  We  have 
reviewed  the  literature  on  solutions  to  elastic 
wave  equations.  In  general  we  are  interested  in 
the  approximate  theories.  Two  examples  are  the 
diffracted  ray  theory  and  the  series  of  integral 
equation  solutions  which  started  with  the  Born 
approximation  and  have  evolved  to  the  extended 
quasistatic  approximation. 


We  are  perfecting  the  signal  analysis  tech- 
niques which  we  use  for  time  and  frequency  domain 
analysis.  Our  major  effort  at  this  point  is 
Improvement  in  range  resolution.  Recent  experi- 
ments have  shown  (Fig.  ?)  that  we  have  the 
capability  of  resolving  two  pulses  which  are 
separated  in  time  by  35  nanoseconds.  Estimates 
of  the  relative  amplitudes  were  also  calculated. 


Fig.  2 Range  Resolution  Experiment 


Development  - A five  man  development  effort  is 
directed  toward  design  and  fabrication  of  the  two 
transducer  ultrasonic  test  bed.  The  features  of 
this  test  bed  represent  the  highest  precision. 
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vtrsdtlllty,  and  r«11«b111ty.  The  ctntral  ftaturts 
trt  shown  In  Fly.  3.  Th«  mcchtnlcal  motions  art 
compltuiy  computtr  controlled.  Data  acquisition, 
signal  processing,  graphic  displays,  and  ultra- 
sonic feedback  control  are  also  computerized.  The 
base  of  the  test  bed  Is  a five  meter  square  granite 
block  one  meter  thick.  Both  a horizontal  and 
vertical  spindle  are  Included  for  rotating 
synmetrlc  test  objects.  The  sturdy  overhead  ways 
provide  rectilinear  motion  of  both  transducers 
simultaneously  In  a controlled  scan  mode  or  for 
positioning  the  central  cylindrical  section 
relative  to  the  test  object.  The  central  section 
provides  two  cylindrical  motions  (Figs.  4 and  6) 
which  allows  the  two  transducers  to  be  Indepen- 
dently positioned  to  any  point  within  a 0.40  meter 
diameter  cylinder  0.30  meter  high.  The  accuracy 
goal  Is  to  position  the  transducer  at  a point  In 
the  space  of  the  cylinder  within  a sphere  of 
uncertainty  125  microns  In  diameter  with  repro- 
ducibility of  position  within  10  microns.  There 
are  two  orthogonal  angular  motions  which  allow 
the  transducer  to  "look  at",  or  be  directed  at, 
any  point  In  the  cylinder  completely  Independent 
of  the  position  motions.  This  Is  a new  concept 
for  posltlonlno  the  transducers  relative  to  the 
test  object.  (See  Fig.  5) 


Flq.  3 Two  Transducer  Ultrasonic  Test  Red 


The  principal  of  the  concept  Is  to  maintain 
a f1«ed  point  In  space  at  which  the  transducer  Is 
"looking"  while  changes  In  transducer  angle 
relative  to  that  point  are  made.  The  simplifying 
features  which  make  this  possible  are;  First  the 
motions  used  to  position  the  transducers  In  space 
are  completely  Independent  of  the  motions  used  to 
control  the  angular  direction  of  the  transducer 
and  second  the  angular  manipulators  rotate  about 
a fixed  point  In  space.  This  greatly  Improves 
accuracy  and  simplifies  the  motions  necessary  to 
"map  the  field".  I consider  mapping  the  field  at 
the  water-to-part  Interface  the  most  comwn  mode 


of  operation.  For  example,  suppose  we  were  to 
Inspect  a weld  In  a sphere.  We  would  mount  the 
sphere  on  the  horizontal  spindle  with  the  weld 
In  the  vertical  plane.  The  transmitting  trans- 
ducer would  be  positioned  and  the  angle  set  for  a 
refracted  shear  wave  Incident  on  the  weld  zone. 
The  scattered  field  at  the  outside  surface  of  the 
sphere  would  be  recorded  by  manipulating  the 
position  of  the  receiving  transducer  over  the 
necessary  surface  area  while  constantly  changing 
Its  angular  directions  at  each  point  to  be  normal 
to  the  wave  fronts  of  the  scattered  field. 


Fig.  4 Cylindrical  Manipulation  Schematic 


/ 


Fig.  5 Transducer  Angulation  Manipulator 
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Thtrc  are  fourteen  precision  exes  of  notion 
on  this  test  bed.  Figures  6a,  and  6b,  show  the 
position  accuracy  and  reproducibility  for  a11  axes, 
the  straightness  of  the  linear  slldeway  axes  and 
the  axial  and  radial  runout  of  the  rotating  axes. 
The  conputer  control  system.  Fig.  7,  will  provide 
various  control  modes.  Including  a "learning"  mode 
which  allows  the  operator  to  establish  a routine 
for  moving  the  transducer  over  an  object.  This  Is 
especially  Important  when  the  test  object  1$  not  a 
simple  shape  or  accurate  dimensions  are  not 
aval  table. 


Fig.  7 Computer  Control 


Ultrasonic  Instrumentation  Is  constantly  being 
upgraded  as  new  electronic  Innovations  become 
available.  The  latest  addition  to  our  system  Is 
a high  speed  transient  waveform  digitizer.  It 
has  a 500  MHz  sampling  rate  with  six  bit  accuracy 
for  a single  recording  cycle  of  1024  data  points. 
Improved  resolution  Is  easily  attained  by 
averaging. 


Fig.  6a  Linear  Axes  Accuracy 


The  ultrasonic  system  was  designed  with 
calibration  In  mind.  For  example.  It  has  a built 
In  25  MHz  reference  signal  which  Is  used  to 
calibrate  amplifiers  and  the  peak  RF  amplitude  to 
DC  conversion  section.  We  are  looking  for  better 
methods  of  making  this  conversion  which  will 
Increase  the  linear  dynamic  range.  He  periodically 
calibrate  or  at  least  tabulate  the  following 
system  parameters: 

Pulser  - peak  voltage,  width,  overshoot, 
repetition  rate 

Receiver  - gain  bandwidth,  linearity, 

sensltlvlty/nolse  figure,  over- 
load recovery  time  for  both  large 
and  small  overloads 

Gates  - width,  position  accuracy  (Jitter) 

Peak  Sampling  - linearity,  dynamic  range, 
effective  bandwidth 


UNIQUE  TEST  BCD  CAPABILITIES 

The  most  fundamental  motive  for  building  the 
two  transducer  ultrasonic  test  bed  Is  the  growing 
necessity  In  routine  Inspection  for  two  trans- 
ducers, a transmitter  and  a receiver,  which  are 
accurately  and  Independently  manipulated. 

The  mathematical  iiodels  now  being  generated 
are  new  approximate  solutions  for  which  no  com- 
plete solutions  exist.  The  mechanical  versatility 
and  accuracy  of  the  two  transducer  ultrasonic 
test  bed  Is  absolutely  necessary  to  verify  the 
approximate  solutions. 
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A very  significant  use  of  this  test  bed  will 
be  in  feasibility  studies  where  we  identify, 
quantitatively,  all  the  parameters  necessary  to 
design  a production-line  inspection  fixture.  The 
largest  portion  of  our  effort  has  been  in  the 
design  of  the  fixturing.  A problem  we  constantly 
face  is  the  one  of  designing  a test  bed  to  do  a 
feasibility  study  which  later  is  used  in  the 
production  test.  There  are  several  problems  with 
that  approach:  More  versatility  must  be  designed 
into  the  system  to  do  the  feasibility  study  than 
is  necessary  to  do  the  actual  test.  There  is  a 
problem  with  the  time  lapse  necessary  to  build 
anything.  The  cost  of  adequate  systems  is  pro- 
hibitive for  a small  program.  When  the  Job  is 
complete  the  system  goes  to  the  production  line 
and  we  are  left  with  nothing  but  a technical 
report  from  which  to  start  on  the  next  task. 

COWCLUSIOW 

An  ultrasonic  Imaging  project  is  underway 
at  Lawrence  Livermore  Laboratory.  We  are 
addressing  the  theoretical  problems  of  scattering 
by  realistic-defect  geometries.  We  are  perfecting 
the  Instrumentation  and  analytical  techniques 
necessary  for  adequate  ultrasonic  signal  analysis. 
We  are  building  the  sophisticated,  high-precision, 
two-transducer  ultrasonic  test  bed  necessary  to 
achieve  the  full  potential  of  ultrasonics  as  a 
quantitative  NOE  tool. 
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ABSTRACT 

The  ahility  to  excite  new  wave  tyties.  such  as  the  horizontally  polarized  shear  (SH)  waves,  enables 
EMAT's  to  perform  functions  not  easily  realized  with  conventional  piezoelectric  transducers.  This  paper 
describes  two  examples.  An  ultrasonic  el  1 ipsometer  is  presented  which  can  excite,  and  detect,  shear 
waves  of  arbitrary  elliptical  polarization.  It  therefore  becomes  possible  to  make  precision  measurements 
of  elastic  properties  by  making  direct  comparison  of  the  propagation  properties  of  the  SH  and  SV  (vert- 
cally  polarized)  components  of  the  wave.  The  principles  of  operation  are  denxinstrated  by  measuring  fluid 
level,  a surface  property  which  produces  differential  attenuation  of  the  two  components  of  the  wave  and 
thus  a change  in  its  elliptical  polarization,  and  texture,  a bulk  property  which  produces  differential 
velocity  shifts.  Preliminary  data  directed  towards  the  measurement  of  adhesive  bond  strength  is  also 
i nc  1 uded . 

A second  technique  presented  is  a new  approach  to  the  problem  of  detecting  cracks  under  fasteners  in 
wing  tap  joints.  It  has  been  found  that  SH  waves,  excited  on  the  outer  surface  of  the  wing,  can  be  in- 
jected into  the  lower  surface  of  the  joint  by  a wave  guiding  effect.  The  reflections  of  these  waves  from 
fastener  holes  contains  information  indicating  the  presence,  and  size,  of  flaws.  Preliminary  experi- 
mental results  demonstrating  this  new  technique  are  included. 


SUMMARY 

Figure  1 illustrates  the  principles  of  the  ul- 
trasonic e 1 1 ipsometer.  In  accordance  with  the  ob- 
jectives and  approach  delineated  in  part  la),  it 
IS  desired  to  simultaneously  excite  SH  and  SV 
waves  with  controlled  amplitude  and  phase  so  that 
the  polarization  of  the  elliptically  polarized 
shear  wave,  formed  by  their  superposition,  is 
known,  (his  is  accomplished  using  the  unique 
ability  of  FMAT's  to  excite  both  wave  types  as 
shown  in  part  Ib).  Similarly,  FMAT's  are  used  to 
detect  the  two  wave  types,  and  the  signals  can 
again  be  recombined  with  selected  amplitude  and 
phase.  By  measuring  changes  in  the  output,  a di- 
rect comparison  of  the  propagation  properties  ot 
the  two  wave  components  can  be  made.  Ihe  func- 
tional block  diagram  of  the  device  constructed  is 
shown  in  part  tc).  Here  separate  (MAT'S  operating 
in  the  fa'  field  were  used.  In  this  first  demon- 
stratKi''.  full  electronic  control  ot  phase  and  am- 
plitude was  not  incorporated.  However,  provisions 
were  made  for  looking  at  the  individual  SH  or  SV 
signals,  and  for  combining  the  two  with  phase  and 
amplitude  adjusted  for  a null  or  sum  output. 
Changes  in  material  properties  were  detected  by 
destruction  of  the  null,  with  the  output  being 
proportioned  to  the  imbalance  of  wave  properties. 

Such  a device  can  be  used  on  either  thick 
spec  linen  or  thin  plates.  Figure  i defines  the  op- 
eration point  required  in  the  latter  case.  Part 
la)  shows  the  dispersion  curves  for  guided  elastic 
waves  on  a flat  plate.  At  the  indicated  point, 
the  n • U symnetric  Lamb  mode  and  the  n • 1 SH 
mode  curves  are  tangent.  Ihus  these  waves  have 
the  same  phase  and  group  velocities.  Further  ex- 
amination, as  shown  in  part  (b),  reveals  that  each 
onsists  of  plane  shear  waves  bouncing  at  an  angle 
of  45°  between  the  plate  surfaces.  Ihus,  the 
resulting  superposition  is  truly  an  elliptically 
polarized  shear  wave.  If  the  plate  is  aniso- 
tropic. or  has  a layered  structure,  this  degenera- 
cy IS  split.  Part  (c)  illustrates  this  splitting 
for  the  case  of  an  adhesively  bonded  sandwich  in 
which  each  of  the  metal  sheets  has  a thickness 
equal  to  that  of  the  single  plate  considered 


above.  It  can  be  seen  that  the  initial  pair  ot 
modes  is  split  into  two  pairs,  much  as  the  modes 
of  two  identical  harmonic  oscillators  are  split  by 
a weak  coupling.  It  is  believed  that  a precise 
measurement  of  these  mode  splittings  will  provide 
important  information  regarding  the  strength  of 
the  bond. 

Figure  3 presents  results  of  some  simple  ini- 
tial experiments.  In  part  (a),  the  variation  in 
output  at  the  null  port  has  been  plotted  versus 
angular  orientation  on  a 1/8  inch  (0.318  cm) 
thick,  rolled  aluniimim  plate.  ine  texturing  of 
the  plate  is  clearly  detected.  Ihe  results  have 
been  normalized  to  directly  read  the  velocity  dif- 
ference between  the  two  modes,  and  the  high  sensi- 
tivity ot  the  device  is  illustrated  by  the  small 
differences  detected,  ihese  results  illustrate 
the  ability  to  detect  small  changes  in  bulk  pro- 
perties producing  velocity  shifts. 

Part  (b)  shows  the  device  output  as  a function 
ot  water  level  in  a vessel  with  1/8  inch 
10.318  cm)  thick  plate  walls,  mere  the  ratio  ot 
the  bH  amplitude  to  bV  amplitude  is  plotted.  As 
the  portion  of  the  propagation  path  in  contact 
with  the  water  increases,  this  ratio  increases  due 
to  the  absorption  of  the  bV  wave.  Ihe  bH  amfili- 
tude  is  unchanged  since  it  does  not  couple  to  the 
fluid.  Ihis  illustrates  the  detection  of  changes 
in  surface  properties  producing  attenuation 
shifts.  In  the  e 1 1 ipsometr ic  mode,  the  nul'  out- 
put can  be  adjusted  to  be  zero  tor  no  water  pre- 
sent with  an  increasing  signal  occurring  as  the 
fluid  level  increases  (not  shown).  For  the  par- 
ticular problem  of  fluid  detection,  this  is  less 
desirable  because  of  decreased  dynamic  range  •» 
the  bV  wave  has  been  heavily  attenuated,  tne  null 
output  Is  virtually  a constant).  However,  for 
other  measuremei.is  of  surface  conditions,  s.n  h as 
detection  of  corrosion,  for  example,  this  might  be 
the  preferred  mode. 

Part  (c)  presents  some  preliminary  data  .lO- 
taiiied  on  an  adhesively  bonded  specimen,  ihese 
two  aluminum  plates  were  joined  with  FM’j  adhe- 
sive. One  side  ot  each  plate  was  prepared  for 
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sonJ>n4  ti>  diiottiiing,  tne  other  side  wos  bonded  in 
the  received  surface  condition  known  to  produce  a 
considerably  weaker  bond.  Ihe  oscilloscope  photo- 
graphs show  the  wavetonns  observed  •?>  the  bH,  SV, 
and  null  modes  on  the  two  sides  of  the  plate.  In 
each  case  the  bH  signal  is  a clean  tone  burst 
while  the  bM  signal  has  a secondary  peak.  Ihe 
or  I j in  of  this  peak  is  not  fully  understood  at 
this  time,  but  it  is  si9nificant  that  it  shifts 
abruptly  in  time  as  the  transducers  are  moved  from 
the  "good"  side  of  the  plate  to  the  “bad"  side. 
Ihis  effect  is  accentuated  in  the  null  mode  since 
the  larje  peak  is  suppressed.  Ihis  data  is  the 
result  of  the  first  measurements  on  an  adhesively 
bonded  sample,  further  work  is  in  progress  to 
more  completely  define  the  origin  of  this  poten- 
tially usef u I eff ec t . 

Ine  remainder  of  the  paper  deals  with  a dif- 
ferent pioblem:  the  detection  of  cracks  under 
fasteners.  A program  has  been  recent  iy  initiated 
to  attack  this  based  on  the  fMAT  technology  used 
in  a slightly  different  way.  in  progress  results 
are  presented  here,  figure  4a  presents  the  prob- 
lem; the  detection  of  cracks  growing  in  the  lower 
half  of  the  lap  joint  where  the  presence  of  the 
upper  plate  and  the  fuel  tank  sealant  make  direct 
ultrasonic  access  guite  difficult,  ine  technical 
approach,  as  described  in  Fig.  4b,  again  makes  use 
of  the  bH  waves  esc i ted  by  i MAT'S.  Here,  however, 
idvantage  is  taken  of  the  fact  that  these  waves 
can  propagate  around  corners,  as  in  a waveguide, 
with  fewer  losses  and  spurious  signals  being  gen- 
erated by  mode  conversion,  than  is  the  case  for  SV 
waves,  figure  b discusses  some  of  those  points  in 
greater  Jeta  1 1 . 

In  fig.  6,  some  of  the  technical  data  that  led 
to  this  approach  is  presented.  Hart  (a)  gives 
measured  values  of  the  transmission  and  reflection 
coef f K lents  for  the  n • U and  n • 3 bH  modes  for 
both  corners  and  b-Jogs  in  aluminum  plate.  The 
data  demonstrates  the  ability  to  inject  signals 
into  the  vicinity  of  the  lower  fastener  hole  from 
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• HIGH  PRECISION  MEASUREMENTS  OF  CHANGES  IN 
El  ASTIC  PROPERTIES  AS  NEEDED  TO  DETERMINE 
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PROPERTIES 

APPROACH 

• HORIZONTALLY  POLARIZED  SHEAR  (SHI  WAVES 

AND  VERTICALLY  POLARIZED  SHEAR  IS'')  WAVES  ARE 
ARE  EXCITED  AND  OETECTEP  IN  A SINGLE  EMAT  DEVICE 

• AMPLITUDE  AND  PHASE  ADJUSTMENTS  ARE  MADE  FOR 
NULL  OUTPUT 
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• COUPLING  VARIATIONS  AND  DIFFRACTION  LOSSES 
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IS  MORE  SENSITIVE  THAN  SIMPLE  VELOCITY  MEASUREMENT 


Fig.  I Ellipsometer  principles;  (a)  objectives,  (b) 
concept,  (c)  functional  block  diagram. 


transducers  mounted  on  the  wing  skin,  away  from 
the  lap  joint  region.  Part  yb)  shows  the  result 
of  a second  set  of  measurements,  made  on  a flat 
plate  with  no  geometrical  conp lex 1 1 les . Here  the 
SH-wave  back-scattering  was  measured  as  a functon 
of  angle  of  illumination  for  a simple  hole  and  a 
hole  with  a crack,  growing  in  the  upward  direction 
as  shown.  Ihe  angular  dependence  in  the  scatter- 
ing produced  by  the  crack  is  striking,  and  con- 
tains information  regarding  the  site  and  location 
of  the  crack. 

It  IS  the  purpose  of  this  program  to  combine 
these  two  results,  the  ability  of  bH  waves  to  pro- 
pagate around  corners  and  the  ability  of  bH  waves 
to  sense  cracks  growing  from  holes,  into  a tech- 
nique tor  detecting  cracks  under  fasteners, 
figure  7 presents  some  preliminary  results.  Ihese 
show  that,  for  a partial  simulation  of  the  wing 
structure,  the  back  reflected  signal  increases 
with  slot  depth,  fixtures  are  presently  being 
made  to  enable  this,  and  other  measurement  config- 
urations, to  be  evaluated  more  completely,  fm- 
phasis  will  be  on  measurements  made  on  the  com- 
plete CbA  wing  lap  joint  structure. 

In  summary,  the  ability  of  fMAT's  to  excite  bH 
modes  has  been  used  to  advantage  to  make  precise 
physical  property  measurements  and  to  inspect  com- 
plex structures.  Iheir  ability  to  operate  without 
contact,  such  as  on  painted  surfaces,  suggests 
that  many  important  applications  will  follow. 
Programs  directed  at  the  measurement  of  adhesive 
bond  strength  and  at  the  detection  of  cracks  under 
fasteners  are  already  in  progress  as  discussed  in 
this  paper. 
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Fig.  2 Ellipsometric  measurements  on  plates;  (a) 

point  of  operations  on  isotropic  plate,  (b) 
details  of  mode  profiles,  (c)  splitting 
occurring  in  an  adhesive  bond. 
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ABSTRACT 

iMAT's  appear  particularly  suitable  for  automated  Inspection  systems  because  of  their  ability  to 
operate  at  high  temperatures,  at  high  speed,  and  without  couplant.  This  paper  reviews  the  progress  in 
two  1m()ortant  areas:  the  high  speed  inspection  of  artillery  projectiles  and  high  temperature  Inspection 
of  MIG  welds.  In  each  case,  material  is  presented  Illustrating  the  system  concept  and  the  ease  of  detec- 
tion of  appropriate  flaws.  Included  Is  a discussion  of  the  operational  characteristics  of  such  systems 
using  SH  and  SV  waves  for  inspection.  The  paper  also  describes  the  advantages  of  employing  SH  waves  for 
volumetric  inspection  of  very  thick  sections  of  complex  geometries. 


RROOmiLFb 

Ihe  electromagnetic-acoustic  transducer  (IMATJ 
IS  a device  of  particular  interest  to  those  areas 
ot  nondestructive  evaluation  (NOi  1 when  Its  appli- 
cation may  lead  to  significantly  higher  rates  of 
inspection  and,  therefore,  to  reduced  Inspection 
costs.  Ihe  application  described  in  the  first 
five  posters  specifically  addresses  the  use  ot 
FMAT's  for  near  complete  inspection  of  artillery 
projectiles  (ISb  inn)  in  one  inspection  station. 

Roster  i!  shows  the  planeview  of  a proposed 
automated  fMAT  inspection  station  for  nondestruc- 
tive evaluation  ot  artillery  projectiles  for 
crack-like  flaws  and  other  imperfections  which 
could  cause  failure.  Ihe  inspection  is  to  be  ac- 
complished in  one  inspection  station  by  using  (1) 
eddy  currents  or  acoustic  surface  waves  to  inspect 
the  outer  surface  in  the  base,  (?)  angle  shear 
waves  launched  from  the  circumference  through  the 
base  to  inspect  the  interior  of  the  wall  in  the 
base  region,  (3)  angle  shear  waves  launched  in  the 
longitudinal  direction  to  locate  ID  and  OD  circum- 
ferentially oriented  defects,  and  (4)  angle  shear 
waves  launched  circumferentially  to  inspect  the 
ogive  and  bourel let  regions  for  longitudinally 
oriented  defects  and  to  inspect  the  interior  of 
the  project i 1e  well. 

The  mechanical  projectile  handling  device 
shown  in  Poster  ? would  function  as  follows:  (1) 
the  projectile  would  be  gripped  from  the  ID  at  the 
nose  with  pressure  applied  to  the  shoulder  of  the 
base,  (?)  the  projectile  would  then  be  lifted  to  a 
location  *«  inch  from  each  electromagnet  pole 
piece,  (3)  ultrasonic  inspection  would  be  accom- 
plished by  electronically  scanning  a raster  of 
FMAT's  while  the  projectile  is  rotated  in  the  ap- 
plied dc  magnetic  field  bias,  and  (4)  following 
the  completion  of  the  ultrasonic  scan,  the  projec- 
tile would  be  placed  back  on  the  conveyor  for  fur- 
ther disposition.  Defective  projectiles  would  be 
shunted  aside  at  this  point. 

Poster  3 shows  the  proposed  system  architec- 
ture for  controlling  the  handling  machinery  and 
the  electromagnet  power  supplies,  and  foi'  process- 
ing of  the  data  from  the  ultrasonic  inspection 
channels  to  determine  whether  a flaw  is  present. 
The  signal  processing  scheme  involves  a departure 
from  conventional  ultrasonic  inspection  techniques 
in  that  a correlation  receiver  is  used  to  filler 
and  demodulate  the  received  ultrasonic  signals. 

Ihe  main  advantage  of  this  scheme  is  that  the  sig- 
nals from  all  the  channels  can  be  processed  with 


uniform  fidelity.  Other  new  developments  include 
the  use  of  highly  efficient  power  amplifiers  for 
energizing  the  input  iMAT's,  and  sensitive  re- 
ceiver preamplifiers  which  optimize  the  signal-to- 
noise  performance.  Ihe  design  of  new  electronics 
was  necessary  because  iMAT's  are  subject  to  dif- 
ferent breakdown  characteristics  and  present  much 
lower  input  impedance  levels  than  ordinary  piezo- 
electric transducers.  A typical  ultrasonic  in- 
spection channel  functions  in  a "pulse  echo"  mode, 
although  provisions  for  using  separate  transducers 
tor  transmission  and  reception  ot  the  ultrasonic 
signals  are  included  in  the  design.  Ihe  received 
waveforms  are  demodulated  by  the  correlation  re- 
ceiver and  converted  to  digital  format.  Ihey  can 
then  be  processed  by  the  central  processor  which 
also  controls  the  functioning  of  the  projectile 
handling  machinery  and  determines  the  disposition 
of  the  projectile  based  on  internally  stored 
accept/reject  criteria.  Provisions  are  included 
for  updating  the  stored  set  of  accept/reject  cri- 
teria as  the  experimental  data  base  is  expanded 
and  verified  by  independent  nondestructive  and 
destructive  testing. 

The  dynamic  range  of  the  system  shown  in 
Poster  3 is  in  excess  of  /O  dB  at  l.fi  MHz.  The 
correlation  receiver  includes  a range  gale  which 
blanks  the  output  except  when  a resolution  cell  of 
interest  comes  into  range.  The  correlation  re- 
ceiver also  helps  to  discriminate  against  impul- 
sive electrical  noise. 

Poster  4 illustrates  the  functioning  of  a ty- 
pical ultrasonic  channel  operating  in  a "pulse 
echo"  mode.  The  demonstration  was  performed  by 
using  most  ot  the  electronic  subsystems  described 
in  the  preceding  poster  with  the  exception  of  the 
digital  data  processor  and  multiplexers.  An  os- 
cilloscope and  a four  digit  LFD  panel  were  used  to 
display  the  received  ultrasonic  signals  after 
linear  preamplification,  multiplication  by  a ref- 
erence rf  signal  and  integration  in  the  correla- 
tion receiver. 

The  bottom  figure  in  Poster  4 shows  the  output 
of  the  A/D  converter  which  is  included  in  the  cor- 
relation receiver  as  a function  of  separation  be- 
tween the  fMAT  and  a simulated  flaw  located  in  the 
bourel let  region  at  the  155  mm  projectile.  The 
output  signal  is  maximized  when  the  two  are  sepa- 
rated by  approximately  l.?5  inches  which  corres- 
pond to  the  setting  of  the  center  ot  the  receiver 
range  gate . 
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Poster  5 shows  the  detection  of  4 simulated 
ttiw  notch)  located  in  the  OD  in  the 
boureilet  region  and  also  the  detection  of  a mate- 
rial flaw  located  on  the  10  in  the  ogive  region. 
iJoth  signals  are  rf  tone  bursts  centered  at  ap- 
prox imate ly  1.8  MHi . 

The  bottom  table  in  this  poster  suiwiarizes  the 
peak  amplitude  ot  the  received  ultrasonic  signals 
as  a function  of  different  simulated  flaw  sites 
and  locations  on  the  projectile.  Ihe  system's 
sensitivity  is  best  Illustrated  by  its  ability  to 
detect  TOM  nolcnes  as  shallow  as  0.009  inches. 

In  sumnary,  it  is  believed  that  the  presently 
available  THAT  technology  has  sufficient  sensitiv- 
ity to  locate  flaw  sites  which  are  currently  ot 
concern  to  projectile  manufacturers. 

WFLOS 

Bulk  horizontally  polarized  shear  waves  (SH 
waves)  can  be  excited  in  metal  parts  by  means  of 
periodic  magnet  e lectromatnet ic  transducers.  The 
principle  of  transduction  of  such  waves  Is  illus- 
trated In  one  of  the  figures  in  Poster  6.  A peri- 
odic magnet  Is  used  to  establish  an  alternating 
magnetic  field  at  the  surface  of  the  metal  part  to 
be  inspected.  A coil  tarrying  electrical  rf  cur- 
rents, and  placed  between  the  magnet  and  the  sur- 
face of  the  metal  part,  is  used  to  induce  eddy 
currents  which  penetrate  Into  the  metal  within  one 
skin  depth  at  the  frequency  of  operation.  As  a 
result  of  Lorentz  forces  on  the  lattice  due  to  the 
interaction  between  the  eddy  current  pattern  and 
the  periodic  magnetic  field,  the  ultrasonic  beams 
are  excited  at  the  surface  directly  beneath  the 
transducer.  Ihe  notable  feature  of  the  above  ex- 
citation process  is  that  the  excited  shear  waves 
are  polarized  in  parallel  in  the  plane  of  the  sur- 
face of  the  metal  part,  buch  waves  exhibit  many 
properties  not  exhibited  by  vertically  polarized 
shear  waves  (bV  waves)  which  are  ordinarily  gene- 
rated by  piezoelectric  transducers.  Because  the 
direction  of  SH  waves  can  be  varied  by  changing, 
the  rf  frequency  and  the  transducers  are  not  sen- 
sitive to  other  wave  types  (surface,  longitudinal 
and  bV),  they  are  of  considerable  interest.  Be- 
cause the  bH  waves  are  excited  e lectromagnet i- 
cally,  the  transducers  are  largely  insensitive  to 
surface  conditions  and  can  operate  over  rough  un- 
prepared metal  surfaces  and  at  elevated  tempera- 
tures. New  applications  involving  the  use  of  bH 
waves  In  NOk  are  in  prospect. 


In  certain  ferromagnetic  steels  such  as  the 
Te-Zitfi  tr-H  Mo,  the  Lorentz  excitation  process  is 
substantially  enhanced  by  magnetostrictive  pro- 
cesses. Ihis  leads  to  improved  sensitivities  and, 
therefore,  to  better  defect  detectabilities.  In 
many  applications,  such  as  the  inspection  ot  welds 
at  preheat  temperatures,  the  above  transducer  and 
wave  type  properties  are  highly  desirable  because 
they  cannot  be  matched  with  piezoelectric  wedge 
transducers. 

Poster  7 shows  the  results  of  some  preliminary 
experiments  with  bH  FMAT's  on  Fe-i’VI  Cr-1*  Mo 
steel  plates,  A inches  in  thickness  which  con- 
tained sections  of  MIG  welds  and  simulated  defects 
(3/J2  inch  side  drilled  holes).  Of  particular  in- 
terest is  the  figure  in  the  upper  left  hand  corner 
of  this  poster.  This  figure  shows  that  the  SH 
wave  signal  transmitted  through  an  Fe-?*j*  Cr-1*  Mo 
steel  plate  does  not  vary  substantially  over  tem- 
perature ranging  from  ambient  to  SOOhF . This  is 
a significant  result  showing  the  independence  ot 
the  transduction  process  to  large  thermal  varia- 
tions. Another  interesting  result  is  shown  in  the 
figure  below.  It  shows  the  detection  of  a 
3/32  inch  side  drilled  hole  in  a MIG  weld  using 
1.8  MHz  SH  waves  excited  at  approximately  30° 
with  respect  to  surface  normal.  A tone  burst 
10  cycles  long  was  used  in  this  test.  Ihe  display 
is  not  an  oscilloscope  photo  but  an  output  of  a 
Versatec  copier.  The  signal  was  generated  by 
using  digital  signal  averaging  techniques  and 
represents  the  result  of  averaging  together 
250  frames  of  data.  Ihe  echo  at  10  microseconds 
represents  a reflected  signal  generated  by  del.imi- 
nation  in  the  Fe-2Vt  Cr-1*  Mo  base  metal,  while 
the  signal  centered  at  approximately  25  micro- 
seconds represents  the  energy  reflected  from  the 
side  drilled  hole  used  to  simulate  a lack  of  fu- 
sion defect.  The  sample  used  to  generate  the 
above  data  is  shown  in  the  photo  on  Poster  6. 

It  Is  hoped  that  the  use  of  bH  type  shear 
waves  will  lead  to  better  defect  detectabilities 
because  the  transducers  discriminate  against 
spurious  signals  generated  by  mode  conversion  and 
because  the  ultrasonic  beam  can  be  electronically 
scanned,  thereby  allowing  the  concentration  of  the 
input  acoustic  power  on  the  region  of  particular 
Interest  to  the  NDf  inspector  without  physically 
moving  the  transducer  element. 
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LAUNCHING  AND  RECEIVING  OF  ULTRASONIC 
SIGNALS  WITHOUT  INTIMATE  MECHANICAL 
CONTACT  BETWEEN  TRANSDUCER  AND  METAL 
PART. 

PROJECTILES  AUTOMATICALLY  INSERTED 
AND  POSITIONED. 

EXPANDABLE  ULTRASONIC  DATA  BASE  BY 
ADDITION  OF  MORE  ULTRASONIC  CHANNELS. 

DECISIONS  MADE  AUTOMATICALLY  BASED 
ON  COMPARISON  TO  STORED  ACCEPT/REJECT 
STANDARDS. 

INSPECTION  RATE  COMPATIBLE  WITH 
ANTICIPATED  PRODUCTION  RATES. 

SINGLE  ELECTROMAGNET  PROVIDES 
MAGNETIC  BIAS  TO  ENTIRE  ARTILLERY 
PROJECTILE. 
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• CENTRAL  DIGITAL  PROCESSING  UNIT 
CONTROLS  ALL  PHASES  OF  INSPECTION. 

• EACH  ULTRASONIC  CHANNEL  FUNCTION 
IN  "PULSE-  ECHO"  OR  "PITCH  CATCH" 

MODE. 

• RECEIVED  ULTRASONIC  SIGNALS  DETECTED 
BY  MEANS  OF  A CORRELATION  TECHNIQUE 
TO  INSURE  BETTER  SENSITIVITY  AND 
IMMUNITY  TO  IMPULSIVE  AND  CROSSTALK 
INTERFERENCE. 

• ULTRASONIC  CHANNELS  SCANNED 
SEQUENTIALLY. 

• ACCEPT  REJECT  DECISIONS  MADE  BY 
CENTRAL  CONTROL  PROCESSOR  ON  A SCAN 
BY  SCAN  BASIS. 

• SYSTEM  CAN  BE  REPROGRAMMED  FOR 
INSPECTION  OF  OTHER  PROJECTILE  TYPES. 


4H 


Si.AmMO 

MAVI 


• ADJUSTABLE  RANGE  GATE  TO 
EXCLUDE  UNWANTED  SIGNALS. 


• DETECTION  OF  SIMULATED 
FLAWS  OF  0.009  INCH  AVERAGE 
DEPTH. 


DISCRIMINATION  AGAINST 
IMPULSIVE  ELECTROMAGNETIC 
INTERFERENCE. 


• TRANSDUCER  POSITION  FIXED 
WHILE  PROJECTILE  IS  ROTATED 
TO  PROVIDE  OF  ONE  CIRCUM 
FERENTIAL  SEGMENT. 


• AVAILABLE  OYNAMIC  RANGE  IN 
EXCESS  OF  70  dB  AT  1 .8  MHz 
CENTER  FREQUENCY. 


Poster  4. 
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CUSTOM  IMAT  INSJVUMENTATtON ; 
CORRELATION  RECEIVER  AND  FLAW  DETECTOR 


C.  F.  Vdslltf,  J.  LIsLd  dnd  R.  Houston 
Rockwell  Interndt londl  Science  Center 
ThouSdnd  Odks,  Cdllfornld  91360 

ABSTRACT 


New,  custom  instrumentation  Is  presented  which  is  designed  to  complement  and  exploit  the  unique  pro- 
perties of  EMAT's.  A two  channel  correlation  receiver  Is  described  which  allows  simultaneous  detection 
of  the  in-phase  and  quadrature  components  of  an  ultrasonic  signal  with  the  optimum  noise  figure  and  Im- 
proved Interference  rejection.  In  addition,  a prototype,  fully  self-contained  EMAT  flaw  detector  Is  pre- 
sented. This  is  a surface  wave  device  for  handheld  use  and  Incorporates  such  features  as  battery  opera- 
tions, correlation  detection,  search  and  Inspect  modes,  and  digital  readout  of  flaw  position  and  reflected 
signal  amplitude. 


figure  1 shows  that  custom  Instrumentation  is 
being  developed  to  detect, flaws  in  certain 
materials.  The  technology  involves  the 
utilization  of  EMAT's,  electromagnet ic 
transducers,  and  correlation  processing 
electronics.  Flaw  Identification  is  accomplished 
by  pattern  recognition  techniques  on  the  processed 
wavefo  mis. 

Figure  2 shows  that  a basic  flaw  detection 
systan  can  be  foniied  using  the  realtime  acoustic 
echo  from  both  known  and  unknown  reflectors.  The 
echo  signals  are  processed  with  known  references 
to  yield  both  in-phase  and  quadrature 
infomution.  A realtime  correlation  technique  is 
implementeil  to  process  the  signals. 

In  fig.  3,  the  relationships  between  the  in- 
phase,  V[,  and  quadrature,  V,,  signals  are 
formulated.  The  conditions  chat  determine  the 
optimum  signal  to  noise  ratio,  the  phase  of  the 
detected  acoustic  signal,  and  the  Fourier 
transform  of  the  received  sign.tl  are  given. 


*The  develotiment  of  the  correlation  receiver  w.is 
suptHirted  by  ARRAIX'iW,  U.S.  Army  under  Contract 
UAAklrt-TT-^iVO. 


Typical  waveforms  of  an  EMAT  acoustic  signal 
are  shown  (Fig.  4).  The  received  signal  is  the 
echo  of  an  acoustic  reflector.  Th“  central 
portion  of  the  echo  signal  has  been  multiplied  by 
a coherent  reference  tone  burst  to  give  the  shape 
of  the  multiplier  output  signal. 

The  Implementation  of  an  EMAT  coirelation 
systan  has  inherent  advantages  for  NDE 
instrumentation.  The  systan  is  capable  of  a high 
s ignal -to-noi se  ratio  i^ile  minimizing  the  effects 
of  clutter  and  electrical  interference. 

Information  on  the  relative  phase  and  amplitude  of 
the  received  acoustic  signal  is  provided. 

A prototype  EMAT  flaw  detector  has  been 
built.  It  features  a single  unidirectional 
1.0  MHz  surface  wave  noncontact  probe  with  a 
permanent  magnet  (Fig.  6).  The  systan  is  jHirtahle 
ami  can  be  battery  operated.  Two  n»des  of 
operation  are  possible.  In  the  Search  mode,  an 
electronic  gate  inspects  the  acoustic  echoes  and 
indicates  the  distance  and  relative  size  of  a 
target.  In  the  Inspection  mode,  a predetermined 
range  is  selected  so  that  a chosen  target  can  be 
inspected  from  different  angles. 


• OPTIMUIV1  SK'.NAl  lo  NOISE  RATIO 

• ENHANCF  0 F ItCTRICAl  INT  E HF  E HE  Nl'F  HlJECTION 

• MINIMIZES  FFFECTS  OF  CLUTIEH 

• PROVIDE  S SIMF’l  E ME  ANS  F OR  ME  ASLIRING  RE  L AT  IVE 
PFEASE  AS  WE  1 1 AS  AMPLITUDE  OF  HECE  IVE  D ACOUSTir 
SIGNALS 

• SIMPLIFIESSIGNAL  AVERAGING 

• REAL  TIME  FOURIER  ANALYSIS 

• ANALOG  MULTIPLIER  OUTPUTS  WILE  INOICAIE  rRESENl'l 
OF  DISPERSION 

Fig.  1 Advantages  of  correlation  receiver  to 
NDE  Instrumentation. 
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Fig.  2 Application  of  realtime  correlation 
to  NDE  measurements. 
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Fig.  3 Measurement  capabilities. 


Fig.  4 Typical  waveforms  of  an  EMAT 
acoustic  signal. 


FEATURES 

• 1 MH/  NOW  CONTACT  SURFACE  VVAVE  EMAT  PROBE 

• SINGLE  unidirectional  TRANSMITTER^RECEIVER  EMAT 

• PERMANENT  MAGNET  TRANSDUCER 

• PtlRTABLF  - LOW  POWER  - BATTEHV  OPERATED 

• INCORPORATES  TWO  CHANNEL  CORRELATION  RECEIVER 

• SEARCH  MODE 

• MANUAL  IN  X « ELECTRONIC  IN  Y 

• DIGITAL  OUTPUT  - ESTIMATE  OF  DEFECT  SIZE  AND 
DISTANCE  FROM  PROBE 

• INSPECTION  MODE 

• SELECTABLE  RANGE  GATES 

• SIGNAL  AVERAGING 

Fig.  5 Prototype  FMAT  flaw  detector. 
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AN  ULTRASONIC  INSPECTION  SYSTEM  WITH  HIGH  NEAR-SURFACE  DETECTABILITY 


J.  J.  Tiemann  and  J.  D.  Young 

General  Electric  Corporate  Research  and  Developnwnt  Center 
Schenectady,  New  York  12301 


ABSTRACT 

An  updated  NOE  Instrument  has  been  designed  that  Is  compatible  with  existing  water  path  pulse  echo 
Instruments.  The  use  of  modern  Integrated  circuit  video  ampllFiers  and  broad  band  signal  processing 
In  the  receiver  permits  Improvements  In  signal -to-nolse  and  band  width  to  be  simultaneously  achieved. 
Additional  circuits  provide  a variable  depth--var1a1be  width  processing  gate,  a peak  detector  for  strip 
chart  recording,  and  means  for  triggering  from  the  front  surface  reflection. 

These  circuit  Improvements,  together  with  a specially  designed  transducer  permit  defects  to  be 
sensed  that  lie  within  .050"  of  the  surface--thus  representing  about  a factor  of  two  Improvement  com- 
pared to  comnerclally  available  Instruments. 

Details  of  the  electronics  subsystems  comprising  the  transmitter  and  receiver  will  be  shown,  and 
the  structure  of  the  transducer  will  be  described. 
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ANNULAR  ARRAY  SEARCH  UNITS  AND  TNEIR  POTENTIAL 
APPLICATION  IN  CONVENTIONAL  ULTRASONIC  TESTING  SYSTEMS 


Jerry  T.  McElroy  and  Kenneth  F.  Briers 
Quality  Assurance  Systems  and  Engineering  Division 
Southwest  Research  Institute,  San  Antonio,  TX 


ABSTRACT 

This  paper  Is  based  on  a program  to  Investigate  the  potential  of  multi-element  annular  arrays  for 
practical  application  In  ultrasonic  testing  systems. 

The  annular  array  Is  comprised  of  coaxially-located,  ring-shaped  piezoelectric  elements.  By 
providing  excitation  pulses  in  a spherical  time  relationship,  the  transmitted  beam  may  be  focused  at  a 
specific  range.  By  electronic  switching,  the  focal  point  can  be  placed  at  various  distances  In  the 
material  under  examination.  Of  particular  interest  is  the  length  over  which  the  beam  can  be  held  In 
collimatlon. 

Fabrication  methods,  delayed  excitation  techniques,  and  beam  patterns  In  water  and  steel  are 
described. 


INTRODUCTION 

This  paper  is  based  upon  an  Internal  research 
program  at  Southwest  Research  Institute  (SwRI). 

The  purpose  of  the  program  was  to  Investigate 
the  potential  use  of  isultl-elenent , annular  array 
search  units  for  practical  applications  in  ultra- 
sonic nondestructive  testing  systems. 

In  all  ultrasonic  testing  applications,  con- 
trol and  directional  manipulation  of  the  ultra- 
sonic beam  are  of  utmost  Importance.  Multi-element 
transducer  arrays  offer  the  potential  of  control- 
ling the  beam  geometry  and  directionality  by  elec- 
tronic switching  and  phased  excitation. 

An  important  advantage  of  annular  arrays  as 
compared  to  standard  fixed  focused  search  units  is 
their  ability  to  be  dynamically  focused.  The  focal 
spot  is  automatically  scanned  over  a predetermined 
depth  range  of  the  material  under  examination. 

Beam  focusing  is  accomplished  by  a piezoelectric 
element,  which  has  been  segmented  Into  closely 
interspaced,  coaxially-located  annular  rings.  Each 
element  of  the  array  is  individually  driven  in  a 
phased,  controlled  manner.  The  transmitted  and 
received  signals  are  accomplished  by  using  multi- 
channel pulsers  and  receivers.  The  system  operates 
in  the  pulse-echo  or  pulse-receiver  node.  The 
position  of  the  beam  focal  spot  is  determined  by 
providing  excitation  pulses  in  a given  spherical 
time  relationship.  The  location  of  the  focal  point 
is  determined  by  proper  control  of  the  spherical 
time  relationship  with  respect  to  each  annular 
ring-shaped  element  in  the  array.  The  array  can 
be  focused  at  different  distances  in  the  material 
under  examination  at  electronic  switching  speeds. 

PROGRAM 

Through  the  course  of  this  project,  a variety 
of  multi-element  transducer  arrays  were  designed, 
fabricated,  and  evaluated.  A selection  of  proto- 
type configurations  is  shown  in  Fig.  1.  While 
some  linear  arrays  were  designed  during  this  pro- 
gram, the  major  effort  was  directed  toward  a 
study  of  annular  arrays.  There  is  very  llndted 


information  in  the  technical  literature  pertaining 
to  annular  arrays, while  there  is  substantial 
information  and  current  ongoing  effort  in  linear 
arrays. ^ 

Each  array  is  comprised  of  coaxially-located, 
ring-shaped  piezoelectric  eletoents.  Early  array 
designs  used  masked  electrode  patterns  on  the 
piezoelectric  element  to  assign  the  closely  inter- 
spaced active  areas  of  the  search  unit.  This  tech- 
nique proved  to  be  unsatisfactory  because  of  the 
inter-acoustic  coupling  (crosstalk)  between  the 
individual  elements.  A technique  was  developed 
using  a circular  cutting  tool  and  abrasive  powder 
to  cut  the  piezoelectric  element.  The  round  piezo- 
electric element  was  cut  through  3/A  of  the  thick- 
ness, thus  dividing  the  element  into  the  desired 
number  of  annular  elements.  This  technique  of 
cutting  partially  through  the  thickness  proved 
effective  in  reducing  the  cross  coupling  to  an 
acceptable  degree. 

Figure  2 shows  an  example  of  an  annular  ar- 
ray and  the  cutting  tool  used  for  this  technique. 

By  providing  excitation  pulses  with  a spherical 
time  relationship  with  respect  to  each  annular 
ring  element,  the  transmitted  beam  may  be  focused 
at  a specific  range  as  shown  in  Fig.  3.  Time 
delay  schedules  required  for  focusing  are  deter- 
mined by  the  equation  shown  in  Fig.  3.  A com- 
puter program  was  developed  to  expedite  the  com- 
putations for  various  focal  lengths.  A number  of 
annular  array  search  units  were  designed  and 
fabricated  at  1.0,  2.25,  2.5,  and  5 MHz  with  the 
nui^er  of  elements  ranging  from  5 to  16.  Table  1 
gives  the  physical  characteristics  of  the  arrays 
produced  during  this  program. 

EXPERIMENTAL  RESULTS.  f>-DEGREE  LONGITUDINAL 

ITie  geometry  of  the  focused  beams  were  Inves- 
tigated by  measureokent  made  in  water.  Figure  4 
shows  a family  of  distance  versus  (vs.)  amplitude 
curve<t  recorded  for  a 1.5-inch  (36  mm)  diameter, 

2.5  Hkz,  8-element,  annular  array.  The  theoreti- 
cal distance  at  which  the  bean  intensity  should 
peak,  based  on  the  equation  previously  given,  is 
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Idble  I.  Physicdl  charactensitcs  of  annular  arrays  produced  In  the  program. 


Frequency 

1.0  MHz 

2.5  HHz 

Number  of  Elementa 

5 

8 

Outside  Diameter 

36  ran 

38  mm 

Piezoelectric 

(1.5) 

(1.5) 

Element  Width 

3 mm 

1.63  no 

(.125) 

(.065) 

Element  Center 

3.9  mm 

2. A Tin 

to  Center  Spacing 

(.156) 

(.097) 

Space  Between 

0.8  nss 

0.6  miQ 

Elements 

(.032) 

(.032) 

Center  Element 

6.3  mm 

3 mm 

Dla. 

(.250) 

(.125) 

Segmented 

Segmented 

Array 

Array 

2.5  MHz 

2.5  MHz 

2.25  MHz 

5 MHz 

10 

16 

9 

q 

36  nn 

38  mm 

19  mn 

19  mm 

(1.5) 

(1.5) 

(.75) 

(.75) 

3 nn 

1.63  nn 

0,8  mm 

0. 8 mm 

(1.25) 

(.065) 

(.032) 

(.032) 

3,9  nn 

2 . A nn 

1 nn 

1 ran 

(.156) 

(.097) 

(.042) 

(.042) 

0,8  mir 

0, 8 mm 

0,25  mm 

0,25  mm 

(0.32) 

(.032) 

(.010) 

(.010) 

6.  3 mm 

3 mm 

2 nn 

2 mm 

(.250) 

(.125) 

(.078) 

(.078) 

identified  on  the  curves  as  FD  (focal  distance). 

The  curve  marked  "Nonfocused  Simultaneous  Fxclta- 
tlon"  describes  the  axial  pressure  distribution  of 
the  beam  when  all  elements  are  excltated  simultane- 
ously and  is  typical  of  a nonfocused  search  unit  of 
this  size  and  frequency. 


focal  distance  or  overall  beam  geometry.  This 
effect,  however,  could  not  be  achieved  with  annular 
arrays  of  higher  frequency  and  shorter  focal  dis- 
tances. For  higher  frequencies  and  shorter  focal 
distances,  the  time  delay  Increment  must  be  main- 
tained accurately  to  within  15  nanoseconds. 


To  record  a plan  view  of  the  beam  intensity 
distribution,  "C"  scan  recordings  were  made  for 
various  excitation  delay  schedules  and  focal  dis- 
tances. These  recordings,  shown  In  Fig.  5,  re- 
flect good  agreement  with  the  distance  vs.  ampli- 
tude curves  shown  in  Fig.  4.  The  dark  tone  In 
the  recordings  represents  the  beam  distribution 
with  the  recording  gate  threshold  set  at  a signal 
amplitude  of  6 dB  below  maximum;  the  lighter 
tone  is  gated  at  18  dB  down.  Recording  in  this 
manner.  It  was  possible  to  Image  the  side  lobes 
that  can  be  expected  from  annular  arrays.  With  an 
amplitude  of  12  dB  below  the  majority  of  the  beam, 
side  lobes  should  not  adversely  affect  the  use  of 
the  array  In  most  applications.  Of  primary  inter- 
est In  these  recordings  Is  the  length  over  which 
the  beam  Is  held  In  colllmatlon.  This  capability 
would  be  advantageous  In  test  applications  where 
thicker  material  sections  must  be  examined  and  good 
lateral  resolution  maintained. 

Figure  6 shows  distance  vs.  amplitude  and  beam 
width  vs.  distance  plots  made  using  1/8-lnch 
(3  mm),  side-drilled  hole  reflectors  In  steel.  The 
6 dB  beam  width  plots  showed  that  considerable  beam 
colllmatlon  can  be  maintained  In  steel  and  was  in 
good  agreement  with  the  "C"  scan  recordings  made  In 
water.  The  excitation  pulse  delay  schedule  used 
during  these  plots  was  the  same  as  that  used  for 
the  7.5-lnch  (190  mm)  FD  shown  in  Fiq.  4,  The 
operating  water  path  was  varied  to  study  Its  effect 
on  the  beam  geometry  in  steel. 

The  composite  transverse  and  axial  pressure 
distribution  plot  shown  In  Fig.  7 also  displayed 
good  correlation  to  the  theoretical.  A 1/B-lnch 
(3  nm)  diameter,  receiver  search  unit  was  used  In 
generating  these  x-y  recordings.  In  this  plot,  the 
excitation  pulse  delay  Increment  applied  to  each 
element  was  rounded  off  to  the  nearest  1/10  micro- 
second without  serious  deviations  In  the  desired 


EXPERIMENTAL  RESULTS,  45-nEGREE  SHEAR 

To  allow  the  use  of  annular  arrays  in  shear 
wave  applications,  the  beam  must  be  presented  to 
the  material  surface  at  an  angular  incidence.  This 
results  in  a travel  time  difference  to  the  material 
for  the  Inclined  portion  of  the  beam  vs.  the  de- 
clined portion  of  the  beam.  The  programmed  phased 
relationship  required  for  focusing  at  the  desired 
depth  in  the  material  would  be  destroyed  unless 
this  time  of  flight  difference  were  corrected. 

Figure  8 shows  the  distance  vs.  amplitude  and 
beam  width  vs.  distance  performance  of  an  uncor- 
rected annular  array  operating  at  A3  degrees  In 
steel.  Beam  distortion  resulting  from  the  loss  of 
correct  phase  relationship  was  apparent  in  the  beam 
width  vs.  distance  diagrams  as  the  operating  water 
path  was  varied  from  25. A mm  to  101.  Beam  distor- 
tion remained  severe,  but  showed  some  slight  im- 
provement at  the  longer  water  path  of  101  mm.  At 
this  longer  water  path,  the  beam  approached  an 
in-phase  condition,  and  beam  distortion  was  mini- 
mized. Longer  operating  water  paths,  however, 
were  no  solution  because  of  the  limited  depth  in 
steel  at  which  the  beam  could  be  focused. 

To  compensate  for  the  difference  in  travel 
time  with  respect  to  the  inclined  and  declined 
portion  of  the  array  would  require  additional  time 
delay  corrections  in  the  excitation  of  the  array. 

A segmented  annular  array  was  designed  that  divided 
Che  ring-shaped  elements  Into  two  sections.  This 
allowed  each  semicircular  element  to  be  addressed 
separately  and  delayed  in  excitation  to  correct  for 
the  angular  incidence  desired.  Figure  ^ shows  this 
segmented  array  configuration.  The  center  disc 
element  is  used  as  a receiver. 

Figure  10  shows  the  distance  vs.  amplitude 
and  beam  width  vs.  distance  performance  for  the 
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iie|;wnCtfd,  c i nw-cor  rvrt^u  array  at  <*3  degreea  In 
Whlli*  tv»ial  correction  count  not  be 
achieved  due  to  the  aemlclrcular  geometty  of  the 
elet&ent,  It  wa«  apparent  that  the  severe  distor- 
tion was  ellnlnated  and  a uniform  focal  zone  was 
achieved  even  at  the  shorter  operating  water  path 
distances. 

INSTRm'NTATlON 

The  raulti-chai^nel  pulaers  used  in  these  exper- 
iments were  deslgtted  and  built  by  the  SwRI  Instru- 
caentatlon  Research  Plvlslon.  The  multi-channel 
pulser  system  Is  capable  of  pulse  delay  Increments 
of  10  nanoseconds  to  10  microseconds.  Pulse  width 
Is  adjustable,  allowing  optimized  pulse  duration 
tor  transducer  frequencies  of  1.0  to  S MHz. 

This  multi-channel  pulser  is  synchronized  by  the 
trigger  signal  from  a convantlonal  ultrasonic  flaw 
detector  Instrument.  This  allows  the  receiver, 
display,  and  gate  sections  of  the  conventional 
Instrument  to  be  used  In  a normal  manner  in  record- 
ing array  performance  data. 

It  Is  forseeable  that  conventional  ultrasonic 
flaw  detectors  could  be  used  with  multi-element 
arravs.  With  delayed  pulser  receivers  addressed 
by  computer,  a 100  percent  focused  beam  depth 
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QllANTlTAriVt  ULTRASONIC  HOLOGRAPHIC  OfFECT  CHARACTERIZATION 
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Babcock.  A Wilcox  Company 
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ABSTRACT 

Ultrasonic  holography  has  proven  to  be  a useful  and  accurate  tool  for  defect  imaging  and  siiinq  in 
thick  wall  materials.  The  optical  image  fomuition  gives  a true  two-dimensional  cross-section  of  the  flaw 
as  a function  of  the  angle  at  which  the  flaw  is  inspected.  Recently  Babcock  S Wilcox  participated  in  Oak 
Ridge  Laboratories  thermal  shock  program  of  HSST  test  vessels,  under  at  EPRI  contract,  to  attisnpt  to  de- 
fine cracks  induced  into  the  vessels.  The  defects  induced  were  "natural"  cracks  running  the  length  of 
the  vessel. 

The  purpose  of  the  holographic  inspection  was  to  map  the  extent  of  the  crack  propagation  extending 
frixii  the  inside  diameter  towards  the  outside  diameter  ot  the  vessel.  The  crack  propagation  map  provided 
by  the  holography  inspection  was  comiiared  to  destructive  analysis  and  found  to  be  within  lu  percent  ot 
the  area  ot  maximum  crack  propagation. 

ihe  potential  of  cultrasonic  holography  as  a 
guantitative  tool  for  characterizing  defects  has 
long  been  recognized.  For  large  primary  contain- 
ment vessels  used  in  nuclear  power  stations  or 
other  heavy  section  materials,  time-gated  pulse-echo 
holography  has  been  denxmstrated  to  be  a fieldworthy 
technique.  The  basic  technique  of  data  acquisi- 
tion ano  the  production  ot  a visual  image  whose  di- 
mensions are  directly  proportional  to  the  defect 
dimensions  are  outlined. 

For  the  specific  data  reported  here,  schematics 
ot  the  Oax  Rioge  Laboratory  test  vessels  are  shown, 
as  well  as  the  basic  geometry  ot  the  inspection 
procedure,  ihe  data  being  reported  here  is  the 
holographic  mapping  of  a thermal  shock  induced  crack 
in  a Heavy  Section  Steel  Technology  (HSST)  test 
vessel.  The  B7w  holography  field  units  are  shown 
in  use  at  uak  Kidge  as  well  as  one  of  the  two  test 
vessels  that  was  examined. 


Ihe  reduced  data  and  available  destructive 
results  are  presented  with  the  holographic  and 
destructive  analysis  of  prominent  features  tanulated 
The  holographic  map  of  the  through-wall  dimension 
of  the  crack  can  he  viewed  directly  in  its  through- 
wall  extent  on  the  reduced  data  plots. 

All  the  defect  images  in  this  study  were 
produced  by  optical  reconstruction  of  the  holograms. 
Future  efforts  by  B&w  are  to  implement  direct  com- 
puter data  acquisition  and  image  reconstruction  into 
a field  compatible  unit,  we  show  here  some  results 
of  the  computer  technique  of  data  acquisition  and 
reconstruction  and  the  corresponding  optical  holo- 
gram. The  proposed  computerized  ultrasonic  field 
unit  would  use  a rugged  minicomputer  and  would 
provide  enhanced  imaging  techniques  and  displays 
with  no  loss  in  the  time  from  data  acquisition  to 
image  display. 
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Fig.  4 Artist  Illustration  oF  mSST  «1  Showing 
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Fig.  5 End  and  Side  Views  Showing  Scanned  Region 
Geometry  and  Transducer  Angle 
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Fig.  5 Destructive  Results  for  HSST  #1 

a.  Maximum  crack  extent 

b.  Average  crack  extent 

c.  EB  weld  and  machined  notch 
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Fig.  10  Comparison  of  Destructive  and  Holographic 
Results 
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Fig.  1?  Core  Samples  Removed  from  HSST  »2  Arrows 
Point  to  Extent  of  EB  Weld  Area  (al  and 
Extent  of  Crack  Area  (b) 


ALUMINUM  TEST  BLOCK 


Schematic  of  "Y"  block  dimensions 


Bottom  view  photo  of  "Y"  test  block 


Test  Block  Used  to  Evaluate  Results  Between 
Optical  Image  Reconstruction  and  Computer 
Image  Reconstruction 


Fig.  14  Optical  media  acoustic  hologram  of  "Y 


Fig.  15  Optical  reconstruction  of  "Y"  bloc 


REAL  TIME  CCD  AVERAGER  FOR  ULTRASONIC  APPLICATIONS 
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Groton,  Connecticut  06340 


ABSTRACT 

An  ultrasonic  acquisition  and  processinq  system  Is  being  developed  which  incorporates  a real  time 
CCD  averager.  The  averager  sums  the  received  ultrasonic  signal  with  the  weighted  past  average  to  produce 
the  latest  average.  The  averager  performance  is  a function  of  scan  resolution,  signal  repetition  rate, 
scan  velocity,  CCD  clock  rate,  weighting  value  and  number  of  averages  desired.  The  present  averager 
should  provide  a theoretical  improvement  In  signal  to  noise  of  6 dB.  Aside  from  improving  the  signal 
strength  at  the  present  scan  position  the  averager  is  designed  such  that  the  signal  level  from  the  pre- 
vious scan  location  has  decayed  by  at  least  10  dB.  The  paper  will  discuss  averager  results,  and  the  var- 
ious design  considerations  and  simulation  testing  required  to  achieve  and  verify  averager  performance. 


lUMEWL  DESCRIPTI'JH  - th€  avimgm  is  be’.hc  cohsthuctco  fo« 

USE  IN  UttSASONtC  PNO^eSStNC  SVSfENS  »<HUE  SICHAL  TO  NOISE 
enhancement  tS  NE3UtftCS.  THf  AVtRAGE*  IS  (NSC^TED  BETVEEN  THE 
TPAHSOUCeff  ANt  OETffTOB  TO  SuP^LV  CCWTINuOOSL'r  WEIGHTED 
signal  averages  to  the  detector,  the  averager  RE3UIRES  A 
trigger  RUISE  WHICH  IS  IN  S'^NChRCNISH  with  TmE  RULSED  SMMl. 

CHARACTERISTICS 

0 INPUT  PROTECTED  * -R50  VCCTS  ^ULSER 
0 signal  bandwidth  - 5 wMr 
0 FILTERING  - HATCHED  TO  S.5  WZ  TRANSDUCER 
0 -AXl-OH  OF  STORAGE 

0 *‘ulse  repetition  rate  - 1 hh: 

0 ttl  trigger  input 

0 UlNCAfl  SIGNAL  RANGE  - * 500  "V, 

0 EFFECTIVE  INTIPNAw  CLOCMNG  RATE  * 25  HH: 

0 dimensions  - 5'  X 6*  X 10' 

0 POWER  • 115  volts  60n 

0 internal  POWER: 

CCD  ' 20  votrs 

digital  CCNTPOL  - 5 VOLTS 

ANALOG  ' • 15  VOLTS 

Fiq.  I.  Real  time  CCD  averaqer  for  ultrasonic 
application 


0 DECAY  OF  CCD  SIGNAL/NOISE  INCREASE 
0 TIME  DELAY  AND  PHASE  SHIFT  OF  AVERAGER  LOOP 
0 FILTERING  OF  CCD  CLOCK  AND  SIGNAL 
0 RECEIVED  AMPLITUDE  LEVELS 

Flq.  2.  Oesiqn  considerations 


0 INPUT  PROTECTION  - CLIP  •'AIN  PULSE  TO  ACCEPTABLE 
LEVEL. 

0 FILTERING  - ENHANCE  FREQUENCY  REGION  OF  3.5  NH2 
SIGNAL  AND  REDUCE  DIGITIZING  FREQUENCY.  12.5  P.HZ. 

0 CCD  CLOCK  CONTROL  - ALLOW  SYNCHRONOUS  AND  CONTROLLED 
TIMING  OF  CCD  CLOCKING  WITH  PULSER. 

Fig.  3.  Key  elements  of  averaqer 


TAMSruCl 


Fig.  A.  Averager  block  diagram 
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ABSTRACT 

The  random  noise  ultrasonic  system  represents  the  state-of-the-art  In  terms  of  sensitivity  and  res- 
olution for  ultrasonic  NDE  systems.  The  principle  1mpedin)ent  to  its  use  in  the  field  is  the  lack,  of  real 
time  inspection  capability.  If  a pair  of  pseudorandom  binary  noise  sources  are  substituted  for  the  white 
noise  source  in  the  random  noise  systeei,  a real-time  capability  is  achieved.  An  instrument  using  such 
sources  will  be  demonstrated  and  its  capabilities  will  be  discussed. 


INTROOUt'TJON 

The  random  signal  ultrasonic  system  (1)  repre- 
sents the  state-of-the-art  for  NDE  ultrasonic  sys- 
tems. Correlation  techniques  are  utilized  to  ach- 
ieve very  large  signal  to  noise  ratios  and  at  the 
same  tiHie  achieve  range  resolution  limited  only  by 
the  bandwidth  of  the  ultrasonic  transducers.  A 
white  noise  source  is  used  In  either  a cw  or  long 
burst  mode  to  excite  the  transducer  which  insoni- 
ftes  the  specimen,  allowing  high  average  power  and 
deep  penetration  into  highly  attenuating  materials 
to  he  obtained.  Due  to  the  uniqueness  of  a given 
noise  burst,  the  reference  signal  for  the  correla- 
tion must  be  a suitably  delayed  version  of  the  sig- 
nal used  to  excite  the  transducer  insonifying  the 
specimen.  This  delayed  reference  signal  is  usually 
obtained  by  splitting  the  signal  from  the  noise 
source  into  two  channels  and  exciting  a second 
transducer  in  an  acoustic  reference  delay  path. 

The  path  length  Is  mechanically  varied  to  obtain 
the  required  variable  delay.  Complete  correlation 
occurs  when  the  reference  delay  is  equal  to  the 
signal  delay.  The  entire  specimen  is  scanned  by 
sweeping  the  reference  time  delay.  It  is  this 
mechanical  scan  which  has  been  the  principle  imped- 
iment to  use  of  this  system  outside  of  the  labora- 
tory. Data  acquisition  times  are  simply  too  long 
for  field  use. 

This  paper  describes  one  possible  method  for 
speeding  up  data  acquisition  while  retaining  most 
of  the  signal  to  noise  enhancement  of  the  random 
signal  system.  A pseudorandom  binary  noise  (PUN) 
source  (2)  is  used  in  place  oi  the  white  noise 
source.  Since  such  a source  is  reproducible,  a se- 
cond identical  source  is  used  as  the  reference  and 
the  delay  is  obtained  digitally.  Elimination  of 
the  second  acoustic  path  increases  the  effective 
bandwidth  of  the  system  as  compared  to  the  random 
signal  system,  improving  range  resolution.  Resol- 
ution with  the  PBN  system  should  be  ccxiiparable  to 
that  obtained  with  the  best  conventional  systems. 

An  instrument  was  designed  and  built  incor- 
porating a pair  of  identical  PBN  sources  consist- 
ing of  16  stage  shift  registers  with  4 taps  and 
producing  a 65,535  bit  maximum  length  sequence  (3). 
It  Is  the  purpose  of  this  paper  to  present  the  re- 
sults of  an  evaluation  of  the  performance  of  this 
first  generation  instrument.  A detailed  discus- 
sion of  the  design  will  be  given  elsewhere  (4). 


SUMMARY 

Pr-esent  Instrument  Capabilities; 

• 65,535  bit  pseudorandom  maximum  sequence. 

• ?5  Milz  maximum  master  clock  rate,  12.5  Wiz 
PBN  rate. 

• 100  repetitions  maximum  per  point. 

• 999  clock  period  max.  burst  length. 

• 9,999  clock  period  maximum  acoustic  cycle 
period. 

• Operates  easily  with  2V  peak  to  peak  trans- 
ducer drive. 

Possible  Applications; 

• Greater  penetration  into  highly  attenuative 
materials. 

• Measure  attenuation  at  high  frequencies  in 
thin  layers  using  phase  modulated  CW  carrier. 

• Apply  quantitative  NDE  techniques  which  re- 
quire good  signal  to  noise  for  accuracy. 
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F)g.  1 Pseudorandum  binary  noise  generators 
(PNG)  1 and  2 produce  Identical  65,535  bit  se- 
quences, The  control  logic  Incorporates  a stable 
oscillator  to  control  both  the  bit  length  and  the 
number  of  clock  times  PNG  2 Is  delayed  relative  to 
PNG  1. 
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simplified  system  operation 


Fig.  ^ PNG  1 and  PNG  2 are  Initially  set  to  the 
same  state.  The  first  noise  burst  from  each  gener- 
ator consists  of  a selected  number  of  bits  (P)  of 
the  sequence.  Each  succeeding  burst  consists  of 
the  next  P bits  of  the  sequence.  The  burst  from 
PNG  2 Is  Initially  delayed  a selected  number  of 
clock  periods  relative  to  PNG  1.  This  delay  Is 
held  fixed  for  a set  nunber  of  repetitions  before 
being  advanced  one  clock  period  to  the  next  point 
where  It  Is  again  repeated  as  before.  This  process 
Is  repeated  until  the  maximum  delay  Is  reached, 
where  the  system  either  halts  or  repeats  the  scan 
as  desired. 


PSEUDORANDOM  BINARY 
M-SEOUENCE  : FIRST  100  BITS 
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Fig.  4 Linear  and  log  plots  of  the  cor- 
relator output  using  a short  drive  hurst 
and  a small  number  of  repetitions  at  each 
reference  delay  point.  5 MHz  transducers 
and  through  transmission  In  water. 


Fig.  b Linear  and  log  plots  of  the  cor^ 
relator  output  using  the  longest  burst  and 
largest  number  of  repetitions  the  current 
Instrument  Is  capable  of  producing  with  a 
20  MHz  master  oscillator.  Note  the  Im- 
provement In  signal  to  sidelobe  ratio  as 
compared  to  Figure  4. 
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Fig.  6 Graph  illustrating  the  effect  of  varying 
the  number  of  repetitions  on  the  sidelobe  size. 
Calculated  points  were  obtained  from  a computer 
simulation  of  the  instrument.  The  solid  line  is  a 
linear  fit  to  the  calculated  data.  The  break  in 
slope  was  found  to  occur  when  the  product  of  the 
number  of  bits  in  the  burst  and  the  number  of  rep- 
etitions exceeds  the  sequence  length.  A 375  bit 
burst  length  was  used. 
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B.  FREQUENCY  SI>tCIRUN  OF  20  NH;  CARRIER 
SIGNAL  PHASE  NODULATED  USING  PBN  SEQUENCE 
HAVING  SANE  SPECIRUN  AS  SHCWN  IN  A. 


Fig.  7 Spectra  of  the  PBN  sequence  used  in  this 
instrument  and  a CW  carrier  phase  modulated  by  the 
same  sequence.  The  signal  shown  in  B should  be 
useful  for  driving  high  frequency  transducers  since 
the  center  frequency  may  be  matched  to  that  of  the 
transducer. 


B.  cORRELAIOR  OUIPUI  NIIH  CONPLEIELY 
DIGIIALLY  DELAYED  RlFERENCt  CHANNEL 

Fig.  8 Illustration  of  the  pulse  width 
degradation  which  occurs  when  the  band- 
width of  the  reference  channel  is  reduced 
by  the  addition  of  an  acoustic  delay  path 
as  in  the  random  signal  system.  The  pulse 
width  shown  in  B is  comparable  to  that  ob- 
tained with  conventional  systems. 


A.  CONVENIIONAL  PULSER-RECEIVER  OUTPUT 


B.  PSEUDORANDON  BINARY  NOISE  SYSTEIA  OUTPUT 


Fig.  9 Illustration  of  the  signal  to 
noise  enhancement  which  may  be  obtained 
with  the  present  instrument. 


AUTOMATIC  DATA  RECORDING  TOR  MANUAL  ULTRASONIC  EXAMINATIONS 


A.  R.  Whiting 

Southwest  Research  Institute 
San  Antonio,  Texas  78284 


ABSTRACT 

There  exists  a need  Tor  improving  the  productivity  and  reliability  of  manual  ultrasonic  examina- 
tion teams  performing  PSI  or  ISI  work  on  nuclear  power  reactor  systems.  An  analysis  of  current  methods 
and  procedures  revealed  that  the  greatest  improvement  in  both  areas  can  be  obtained  by  streamlining 
data  measurement,  recording,  and  reporting.  A research  and  development  program  for  accomplishing  this 
goal  is  cur-ently  near  completion.  The  approach  used  in  this  program  is  to  automate  the  tasks  of  oosi- 
tion  measurement  and  ultrasonic  data  recording  and  to  use  computers  for  data  analysis  and  reporting. 

This  presentation  discusses  the  automated  Search  Unit  Tracking  and  Recording  (SUTARS)  data  acquisi- 
tion system  that  is  being  developed.  When  using  the  SUTAR  system,  the  only  function  that  the  operator 
will  need  to  perform  during  the  examination  is  to  guide  tne  search  unit  so  as  to  obtain  complete  coverage 
of  the  volume  of  interest.  The  system  will  automatically  measure  search  unit  position  and  yaw  angle 
by  a noncontacting  method  that  eliminates  the  encumberances  inherent  in  a mechanical  position  sensor. 

To  measure  the  ultrasonic  data,  a conmercial  flaw  detector  was  modified  so  that  an  auxiliary  subsystem 
automatically  digitized  video  information  obtained  from  the  volume  of  interest.  The  examination  data 
will  be  ■•ecorded  on  a digital  magnetic  tape  recorded  situated  at  a convenient  location  rencte  from 
the  operator.  Also  recorded  will  be  ten  different  items  of  examination  documentation  data  such  as 
operator  identification,  refracted  beam  angle,  data  sheet  number,  instrument  serial  number,  etc. 


Southwest  Research  Institute's  (SwRl)  newly 
developed  Search  Unit  Tracking  and  Recording  System 
(SUTARS)  represents  a major  advancement  in  manual 
ultrasonic  inspection  of  welds.  In  conventional 
manual  inspection,  a large  part  of  the  inspection 
personnel's  work  effort  is  spent  measuring  position 
of  the  search  unit  and  manually  recording  the  data 
from  indications  that  exceed  the  recording  criteria 
of  the  code  or  standard.  If  an  indication  is 
detected  which  exceeds  the  acceptance  criteria, 
additional  inspection  time  is  required  to  record 
data  that  is  required  to  perform  an  evaluation. 

A need  existed  to  reduce  the  time  and  cost  associa- 
ted with  manual  ultrasonic  inspections  and  to 
improve  the  accuracy  and  credibility  of  these  in- 
spections. SUTARS  was  designed  to  accomplish 
these  goals. 

SUTARS  automates  the  recording  of  all  data 
pertaining  to  the  ultrasonic  impsection  of  welds, 
thereby  relieving  operating  personnel  of  the  time- 
comsuming  task  of  data  recording  and  allowing  eval- 
uation to  be  performed  with  the  assistance  of  a 
computer. 

The  data  acquisition  portion  of  the  SUTARS 
system  is  schematically  shown  in  Fig.  1 and  pic- 
torially  in  Figs.  2 and  3.  As  can  be  seen,  this 
subsystem  includes  an  ultrasonic  search  unit,  a 
linear  array  of  sensors  for  detecting  airborne 
acoustic  signals,  a SUTARS  control  and  display 
console,  and  a magnetic  tape  recorder. 

The  acoustic  sensors  are  a part  of  a system 
used  to  measure  the  position  and  angular  orientation 
(skew  angle)  of  the  search  unit  (see  Fig.  4). 

These  sensors  detect  airborne  acoustic  pulses 
emitted  by  two  beacons  located  at  two  corners  on 


the  search  unit.  The  two  beacons  are  activated 
alternately,  and  the  locationof  each  beacon  is 
calculated  from  the  measured  time  of  flight  of 
acoustic  signals  from  the  beacons  to  the  closest 
two  sensors.  The  skew  angle  is  then  calculated 
from  the  relative  position  of  the  two  beacons. 

The  tracking  system  provides  accurate  measure- 
ments over  an  area  called  a sector  which  is  approxi- 
mately 25  inches  long  in  a direction  parallel  to 
the  sensor  array  and  approximately  8 inches  wide. 
Areas  larger  than  a sector  are  examined  by  reposi- 
tioning the  sensor  array  as  many  times  as  is 
necessary. 

During  an  examination  scan,  the  operator 
manually  guides  the  search  unit  about  the  work- 
piece and,  simultaneously,  monitors  the  CRT  display 
of  .1  commercial  flaw  detector  which  is  a part  of 
the  display  console.  It  is  important  *o  note  that, 
when  using  5UTARS.  an  onerator  uses  exactly  the 
same  skills  and  procedures  in  manipulating  the 
search  unit  that  are  used  in  conventional  manual 
examinations.  The  location  and  angular  orientation 
(skew  angle)  of  the  search  unit  are  to  be  carefully 
adjusted  to  produce  optimum  signals  *or  each 
reflector  encountered  throughout  the  examination. 

Position  data  are  acquired  and  recorded  at  the 
same  time  and  rate  as  are  ultrasonic  data.  Ouring 
data  processing,  search  unit  position  and  skew  angle 
data  are  used  to  calculate  the  true  location  of 
‘'laws  relative  to  the  weld.  Since  the  operator  is 
allowed  to  orient  the  search  unit  for  optimum  sig- 
nal without  introducing  errors  in  calculated  flaw 
location,  SUTARS  has  a greater  degree  of  freedom 
and  repeatability  than  do  most  mechanical  scanning 
systems  in  use  today. 


J 


The  SUTARS  control  unit,  shown  in  Fig.  3, 
me  heart  of  the  data  acquisition  subsystem  and 
contains  such  features  as: 

(1)  An  electronic  memory  for  storing  examination 
parameters  such  as  the  gate  starting  and  gate 
stopping  points,  operator  identification, 
refracted  beam  angle  used  for  a particular 
examinatio,  the  data  sheet  identification 
number  pertaining  to  a particular  examination, 
and  so  forth.  The  content  of  this  memory  is 
automatically  recorded  on  the  magnetic  re- 
corder along  with  search  unit  position  and 
ultrasonic  data. 

(2)  A time-corrected  gain  circuit  that  offers 
improved  performance  over  conventional  cir- 
cuits. 

(3)  Numerical  readouts  which  display  search  unit 
position. 

(4)  Several  status  indicators  to  notify  the  opera- 
tor of  important  system  conditions. 

Of  special  important  is  the  gate  circuit 
developed  for  SUTARS.  This  gate  detects  and  digi- 
tizes ultrasonic  indications  which  occur  between 
the  gate  starting  and  stopping  points  defined  by 
the  operator.  The  gate  is  equipped  with  a signal 
amplitude  threshold  detector  that  the  operator  can 
adjust  to  any  desired  level.  When  an  ultrasonic 
signal  large  enough  to  exceed  the  threshold  is 
detected,  the  gate  is  armed  and  goes  into  operation. 
The  gate  is  capable  of  two  different  modes  of  oper- 
ation, both  of  which  are  Illustrated  in  Fig.  5. 

In  mode  1,  the  gate  examines  the  video  signal  and 
detects  the  peak  value  of  every  separate  indication 
within  the  gated  region.  The  peak  values  and  the 
time  location  of  the  peaks  are  digitized  and  trans- 
mitted to  the  magnetic  recorder.  Since  only  the 
signal  peaks  are  recorded,  this  mode  is  very 
economical  in  terms  of  magnetic  tape  consumed. 

In  mode  2 operation,  as  soon  as  any  signal 
exceeds  the  threshold,  the  gate  proceeds  to  sample 
and  digitize  the  complete  video  trace  at  very  fine 
intervals.  This  mode  of  operation  records  even 
the  finest  detail  in  the  signals  and  is  valuable 
for  performing  signal  analysis  with  the  highest 
possible  accuracy. 

Figs.  6 and  7 show  SUTARS  at  the  Edwin  I. 

Hatch  Nuclear  Power  Plant  for  a preservice  exami- 
nation of  certain  recirculation  piping  welds  in 
austenitic  nuterial.  If  the  data  were  being 
gathered  during  an  inservice  rather  than  preservice 
examination,  data  recording  could  be  accomplished 
at  a remote  position  of  up  to  200  meters  from  the 
point  where  the  examination  would  be  occurring. 

After  the  examination  data  are  recorded,  the 
tape  is  converted  and  placed  on  a nine-track  tape 
record.  Thus,  the  original  digital  tape  may  be 
cycled  back  into  service  and  be  available  for 
further  data  acquisition  on  a subsequent  examina- 
tion. Hardware  typical  of  this  process  is  shown 
in  Fig.  8,  and  a schematic  of  the  data  flow  through 
this  system  is  shown  in  Fig.  9.  The  nine-track 
record,  which  represents  the  data  base,  can  now  be 


is  interrogated  by  utilizing  the  minicomputer;  and 

many  forms  of  data  format  and  output  are  available. 
Currently  the  most  useful  forms  for  nuclear  power 
plant  component  examination  have  been  in  the  for- 
mats shown  in  Figs.  10,  11,  12,  13,  14,  and  15. 

These  data  formats  include  parameter  infornation  as 
shown  in  Fig.  10,  reflecting  information  regarding 
the  component  that  was  examined,  the  person  that 
performed  the  examination,  initial  instrument 
settings  for  sensitivity,  instrument  settings 
reflecting  parameters  that  were  controlled  and 
established  regarding  the  gate  position,  all 
referenced  information  concerning  procedures,  and 
other  required  traceable  items.  Fig.  11  is  a 
coverage  plot  showing  positive  confirmation  that 
the  examination  was  performed  in  the  area  of 
interest  and  that  no  interruptions  occurred  during 
that  examination.  The  crosses  indicate  the  physi- 
cal location  of  the  search  unit  in  relation  to 
the  centerline  of  the  weld  and  the  receiving  array 
units.  This  plot  is  extremely  useful  when  meeting 
quality  assurance  requirements  necessary  to  indicate 
that,  in  fact,  the  examination  was  performed  in  a 
satisfactory  manner.  Fig.  12  represents  sequential 
sector  locations  or  a given  examination  region 
should  there  be  more  than  one  involved.  It  allows 
presentation  of  the  relationship  of  each  sector 
with  the  other  sectors  to  be  established  and  re- 
corded. Fig.  13  represents  a tabular  data  sheet 
very  similar  in  nature  to  those  currently  generated 
by  manual  ultrasonic  examination.  Parameter  data 
are  located  at  the  top;  tabulated  below  by  sector 
is  the  identification  number  of  each  indication 
that  exceeded  the  interrogation  level  (in  this  case 
100  percent  DAC).  The  transducer  location  on  the 
surface  of  the  component  is  recorded  in  both  X 
and  Y coordinates,  along  with  the  metal  path  dimen- 
sion to  the  target  reflector  and  the  peak  amplitude. 
Fig.  14  presents  the  same  data  as  shown  in  Fig.  13, 
but  in  a different  format.  The  difference  is  that 
reflector  location  is  given  in  terms  of  the  X,  Y, 
and  Z dimensions  of  the  component  where  Z represents 
the  throughwall  dimension. 

Fig.  15  is  a sunmation  of  the  tabular  infor- 
mation just  discussed,  but  presented  in  the  form 
of  a C-scan  presentation  (shown  at  the  top  of  the 
figure  and  a B-scan  presentation  (shown  at  the 
bottomT.  The  C-scan  presentation  given  the  rela- 
tionship of  the  various  reflectors  to  each  other 
in  the  X and  Y plane,  whereas  the  B-scan  presenta- 
tion gives  the  relationship  of  the  reflectors 
relative  to  the  throughwall  dimension. 

The  SUTARS  data  analysis  method  utilized  a 
concept  that  divides  each  sector  into  a fixed 
number  of  cells  and  interrogates  the  data  to  deter- 
mine whether  or  not  reflectors  exceeding  the  re- 
cording were  received  from  each  cell  location. 

In  normal  operating  nodes,  cell  dimension  is  one- 
tenth  of  an  inch.  While  this  is  sufficient  in 
most  instances,  requests  have  been  made  for  larger 
and  smaller  cells.  This  is  easily  accomplished  by 
several  means  and  is  currently  being  addressed  in 
modifications  to  this  system. 

Fig.  18  shown  the  correlation  between  data 
taken  manually  and  data  taken  by  utilizing  SUTARS 
on  a test  block  approximately  2 inches  thick  by 
25  Inches  in  length  and  12  inches  in  width.  The 
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reflectors,  Identified  es  A thr-ough  H and  depicted 
In  the  figure  by  the  dashed  lines,  represent 
machined  notches  of  varying  depths  placed  in  the 
surface  opposite  from  the  transducer.  The  lanual 
data  is  plotted  as  a solid  line,  and  the  SUTARS 
^ rectangular  box.  The  dimen- 
sions of  the  box  and  the  relationship  of  the  fit 
to  the  actual  reflector  gives  some  evidence  of  the 

expected  by  utilizing  this 
system.  The  dimensions  of  the  SUTARS  data  box 
reflect  the  varying  depths  of  the  indicated  tar- 

96tS . 

ic  exciting  features  of  SUTARS 

is  the  capability  of  rapidly  gathering  ultrasonic 
infot^tion  that  can  be  converted  to  hard  copy 
recoM.  This  allows  data  analysis  to  be  done  at 
a later  time  and  at  a remote  location.  In  addi- 
tion, a far  more  comprehensive  amount  of  data  is 
recorded  than  is  normally  taken  when  manual  exami- 
nation is  performed.  This  is  accomplished  with 
fewer  personnel  in  a radiation  environment,  thus 
??  exposure.  These  features,  coupled  with 
the  ability  to  insure  the  credibility  of  the  data 


by  providing  the  sector  coverage  plot  showing  the 
examination  as  performed  in  all  areas,  make  this 
system  extreamly  desirable  for  a variety  of  appli- 
cations. Many  modifications  are  abailable  as  well 
as  degrees  of  freedom  which  can  be  utilized  for 
applications  not  yet  envisioned. 

system  provides  a major 

breakthrough  in  the  ability  to  take  sufficient 
u trasonic  information  to  allow  data  interpreta- 
tion to  be  performed  and  data  to  be  maintained 
^ a nwnner  long  sought  by  ultrasonic  examination 
system  also  has  much  potential 
application  as  the  technology  of  transducers 
evolves  for  it  can  be  combined  with  any  form  of 
ultrasonic  search  unit  that  may  be  desired. 
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Fig.  8.  SUTARS  data  processing 
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Fig.  9.  SUTARS  data  processing  configuration 
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Fig.  lO.  SUTARS  field  version  parameter  listing 
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Fig.  n.  SUTARS  sector  coverage  plot 
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Fig.  13.  SUTARS  data  sheet 


Fig.  14.  Advanced  data  sheet 
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ADAPTIVE  LEAKNIND  NETWORK  (ALN)  HARDWARE 


A.  N.  Nucclirdi 
Adaptrantcs,  Inc. 
McLean,  Virginia  22\02 


ABSTRACT 

Adaptronics,  Enc.  U currently  developing  a "smart”  UT  and  EC  Interpretive  Instrument  under  funding 
by  the  Electric  Power  Research  Institute  (EPRI  Contract  No.  RPU2S).  The  Instrument,  denoted  the  "ALN 
4000  Process  Analysis  Microcomputer",  is  a dual  microprocessor  microcomputer  system.  The  over  alt  features 
of  the  AIN  4(;00  are: 

o Two  780  microprocessor  subsystems; 

0 JO  MHi  8-blt  A/0  kiglc  (ultrasonics); 

0 SO  KHt  12-blt  A/D  logic  (eddy  current); 

0 Adaptive  Learning  Network.  (AIN)  Implementation  logic; 

o Tape  cassette  bulk  memory  capacity; 

o Mlniprinter  display; 

0 Modem  for  remote  digital  data  telephone  transmission; 

0 Conversational  mode  1/0  with  user; 

0 Prograiiinable, 

0 fully  portable; 

0 Operable  in  hostile  environments  (dust,  heat,  etc,). 

The  AIN  4000  breadboard  Is  currently  operational.  The  first  f 1e1d-(H)rtable  prototypes  will  be  available 
In  the  fall  ol  |g/8. 


INiRODOCTlI^ 

The  need  for  a real-time,  portable  computer 
system  dedicated  to  NOl  applications  privnpted  the 
concept  of  the  ALN  4000  Process  Analysts  Micro- 
computer smart  instrument.  New  develotvnents  In  semi- 
conductors anu  the  advent  of  miniature  peripherals 
made  this  concept  feasible.  The  founoation  of  the 
Instrument  Is  a powerful  dual  computer  system  with 
several  peripherals  and  dedicated  NOl  software, 
beveral  highly  speclall/ed  boards  to  perform  NDE 
functions  and  decrease  execution  limes  are  also  a 
part  of  the  Instrument. 

The  AIN  4000  Is  being  designed  to  perform 
the  function  of  NOl  in  as  simple  a manner  as  pos- 
sible ana  with  a minimum  of  equipment.  In  addition 
to  the  ALN  4000,  only  a transducer,  a pulser- 
preampllfier  and  a receiver  are  necessary.  When 
applicable,  a pos I cloning  met hanism  (scanner^  for 
the  transducer  Is  Im  luded  in  tne  NDl  system, 
figure  I shows  a typical  conf igui at  ion.  The  Instru- 
ment will  control  signal  conversion,  data  acquisi- 
tion, AIN  processing,  data  storage  and  the  scanner, 
where  appropriate. 

The  Instrument  will  be  packaged  in  two  vase', . 
eat  h apprtixinately  8-J/4"  M x .’0"  0 x 1/"  W with 
custom-designed  front  panels.  The  weight  of  eat h 
case  will  be  held  to  a maximum  of  .IS  lbs,  Ihe 


peripherals  will  consist  of  a hand-held  Toniilllex 
temilnal  serving  as  the  control  unit  and  key- 
board, a Olgltec  mlniprinter  for  hard-copy  display 
results,  and  a dual  .IM  mini -casset te  system  for 
mass  storage,  Al ternat 1 vel y , an  off-line  Computer 
Devices  terminal  may  be  used  for  more  printing 
capability  as  well  as  providing  a nxidem  to  transfi>r 
data  to  another  computer  system  tor  AIN  training 
or,  perhaps,  archival  storage,  there  will  be 
D/A  (digi ta  l-to-ana log ) capabllitv  for  osc it  lost  ope 
display  of  wavefoixits  (optional)  and  A 'D  (analog-to- 
digital)  capabllitv  foe  dlgiti/lng  HI  signals  feixii 
the  transducer.  I igure  ? shows  thr  AlN  4llOD  as 
part  of  an  NDl  system  in  block  diagram  form. 

the  front  panel  ol  one  of  the  rases  (see 
Mgure  J)  will  nave  all  ol  the  switches  and  status 
llgiits,  the  mini -printer  and  the  cassettes.  Tne 
other  panel  will  he  blank  except  for  a power 
light,  Tnere  will  he  only  three  switches,  POWIR, 
RlStl  and  PAIISl  ; all  other  functions  are  controlled 
via  the  terminal.  Tnere  will  he  three  status 
lignts  to  Indicate  the  cureent  operation:  HUN, 
standby,  OIAC.NOSTUS. 

Ihe  instniim'nl  will  also  contain,  wnere  the 
.ipplliation  regulres  il,  tne  hardware  and  software 
to  control  the  scanning  devUe,  Hits  will  peemtt 
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dutoflidtic  Inspection  and  will  increase  tne  speed 
of  the  inspection  as  well  as  reduce  the  number  of 
operations  performed  by  the  operator. 

oejj:n,ivA> 

FlenibiUty  of  both  the  system  hardware  and 
software  has  been  tne  major  design  consideration. 
The  design  reflects  a desire  to  minimise  the 
effort  required  to  modify  tne  instrument  tor 
different  ippi Icatlons.  The  front  end  idata  acqui- 
sition system)  for  ultrasonic  applications,  for 
example,  can  be  prourammed  for  different  sampling 
rates  (up  to  20  MHz).  lo  convert  the  instrument 
for  use  with  eddy  current  applications,  an  A/u 
board  and  associated  software  will  simply  be 
replaced.  Software  changes  are  made  as  easily  as 
changing  a cassette.  Data  for  specific  applica- 
tions can  be  entered  via  the  keyboard,  or  prepared 
at  an  earlier  oat-  ano  sloreo  on  cassette. 

Real-time  operation  Is  another  important  hard- 
ware and  software  design  goal.  The  two  hardware 
ano  software  design  efforts  have  proceeded  simul- 
taneously to  achieve  tne  maximum  computational 
speeds.  Multiplication,  very  slow  in  software, 
is  performed  much  faster  in  hardware  by  means  of 
a multiplier  boaro  using  a high-speed  multiplier 
chip.  Similarly,  an  arithmetic  processing  unit 
(APU)  chip  has  been  interfaced  to  the  ALN  4000 
to  provide  a hardware  implementation  of  functions 
such  as  tiie  sin,  cos,  log,  exp.  etc.  Assembly 
language  is  being  used  in  the  software  to  produce 
efficient  programs,  both  in  execution  speeds  and 
memory  utilization. 

Another  objective  Is  to  provide  an  Instrument 
that  is  reliable,  requires  minimum  training,  and 
is  easy  to  operate. 

HARDWARE 

The  instrument  design  uses  two  microcomputer 
systems,  each  one  to  perform  a separate  function, 
but  in  parallel  with  each  other.  One  system, 
called  the  controller,  performs  tne  supervisory 
functions,  and  the  other  system,  railed  the  signal 
processor,  acquires  waveforms  and  performs  all 
analyses.  Both  systems  use  the  Zilog  Z80  micro- 
processor with  a clock  speed  of  4 MHz.  Comiixini ca- 
tion between  the  two  systems  Is  achieved  by  means 
of  a DMA  (direct  memory  access)  in  conjunction 
with  each  computer,  to  provide  direct  memory 
access. 

The  various  boards  in  each  computer  system 
are  linked  by  means  of  a bus  system.  An  industrial- 
quality  bus,  the  Intel  (Multibus)  SBC  bus,  has 
been  chosen. 

Each  computing  system  will  contain  a total  of 
64K  bytes  of  memory  consisting  of  48K  of  RAM 
(random  access  memory)  capaole  of  reading  and  writ- 
ing and  16K  of  EPROM  (read  only  memory;  with  non- 
volatile read-only  capability.  The  EPROM  meumry 
will  be  used  to  store  the  software  that  is  peri- 
neiit  to  all  applications.  The  controller  computing 
system  will  have  the  input-output  (I/O)  capability 
ano  the  signal  processing  system  will  have  the 
data  acquisition  module. 

Two  special  boards  will  provide  the  software 
support  mentioned  earlier,  namely  the  high-speed 
multiplier  board  and  the  API)  function  which  is 


provided  once  in  the  controller  system  and  four 
times  In  the  signal  processing  system. 

To  sunmarize,  there  will  be  a total  of  thir- 
teen boards  in  the  ALN  4000.  The  controller  will 
contain  a CPU  and  DMA  board,  two  memory  boards  of 
3?K  each,  one  with  a mix  of  16K  RAM  and  16K  EPROM, 
a board  with  one  APU  function  and  the  O/A  conver- 
sion logic,  a multiplier  board  and  an  I/O  board, 
for  a total  of  six  boards.  The  signal  processor 
will  contain  an  identical  set  of  boards  except 
that  there  will  be  four  APU  functions  on  a board 
and  no  O/A,  there  will  be  no  I/O  board,  and  will 
include  two  front-end  boards  for  the  data  acquisi- 
tion system  for  a total  of  seven  boards. 

SOFTWARE 

Three  modes  of  operation  are  anticipated  for 
the  ALN  4000. 

One  is  a data  collection  and  digitization 
mode  to  store  suTTicient  data  to  provide  a data 
base  necessary  for  ALN  network  training,  for  exam- 
ple. If  a scanner  is  present,  it  may  be  controlled 
by  the  ALN  4000  in  this  mode  to  automate  the  collec- 
tion procedure. 

A second  mode  of  operation  is  the  off-line 
analysis  to  provide  an  inspector  with  the  capa- 
bTTity  of  selecting  waveforms  from  the  mass  storage 
device  and  to  perform  signal  processing  operations 
as  desired.  The  use  of  the  off-line  terminal  in 
this  mode  will  provide  printing  capability.  A 
modem  will  permit  data  transferral  to  another 
computer.  Use  of  an  oscilloscope  will  provioe  a 
display  of  the  waveforms. 

The  third  mode  is  on-line  analysis  to  be  per- 
formed at  the  inspection  sTte.  This  includes 
control  of  the  scanning  device,  signal  conversion 
and  ALN  processing  to  provide  crack  detection 
and  sizing  on-line.  Figure  4 is  a flow  chart 
demonstrating  the  three  modes  of  operation. 

ihere  will  be  no  operating  system  of  the 
type  found  in  general  computers  Instead,  there 
will  be  an  interactive  program  that  queries  th<* 
operator  regarding  desired  actions  and  prompts 
with  possible  replies.  The  operator  usually  will 
have  to  respond  only  with  a numberical  value  or 
with  a single  key  stroke  representing  "yes'  or 
"no"  and  "continue".  Ihe  philosophy  is  to  mini- 
mize operator  errors  and  references  to  a User's 
Guide. 

Self-diagnostic  routines  will  be  provioed  to 
increase  system  reliability.  Each  component  of 
the  instrument  will  be  informed  of  any  pwblems  * 
that  may  exist  and,  where  possible,  suggestions 
will  be  made  to  solve  the  problem;  i.e.,  "place 
cassette  in  a specified  drive",  "check  to  see  if 
a component  is  plugged  in",  etc.  User  system 
diagnostics  will  also  be  provided  when  appropriate. 

The  software  modules  that  are  applicable  in 
any  NOE  system  will  be  permanently  resident  in  the 
ALN  4000.  These  will  include  supervisory  programs, 
self-test  diagnostics,  I/U  drivers,  DMA  routines 
and  signal  processing  routines.  Those  routines  and 
data  that  are  application-specific  will  be  stored 
on  cassettes .and  will  Include  the  transducer  scan- 
ning protocols,  ALN  structure  and  coefficients, 
and  routines  to  drive  and  control  the  scanning 


device. 


NOE  APPLICATIONS 

Ihe  ALN  400U  will  be  employed  Initially  In  UI 
and  EC  applications.  The  UT  target  areas  are  pipe 
crack  detection  and  sizing,  both  In  welds  and 
heat-affected  zones.  The  EC  applications  are  cur- 
rently detection  and  sizing  of  both  hole. cracks 
in  the  TF-J3  engine  disk  (Figs.  5 and  6)  , and 
detection,  classirication  and  sizing  of  defects  In 
nuclear  steam  generator  tubing. 
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Fig.  3.  Front  panel  layout  of  control  unit  of 
ALN  4000  showing  tape  cassettes,  mini- 
printer,  status  lights  and  push  button 
switches 
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I.  Schematic  of  ALN  4000  NOE  system  Inter- 
faced to  standard  NOE  inspection  equipment 
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Three  modes  of  operation  for  ALN  4000 


Fig.  2.  Quantitative  NOE  system 


The  engine  disk  eddy  current  application  Is 
sponsored  by  AFML  under  Contract  No.  F33615-77- 
C-S218. 


Fig.  5.  Eddy  current  data  collection  and  analysis 
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ABSTRACT  ] 

A mu  It  I -parameter  measurement  system  was  designed  and  built  to  process  signals  from  acoustic  emis- 
sion (AC)  transducers  in  real  time.  The  system  makes  selected  measurements  of  each  detected  AE  event  as 
it  occurs  and  stores  23  measured  parameters  which  describe  that  event  in  digital  form  on  a standard 
diskette  with  IBM  format.  Measurements  recorded  on  the  diskette  Include  information  on  the  shape,  mag- 
nitude, and  frequency  content  of  each  AE  burst,  its  timing  with  respect  to  location  on  the  specimen 
under  test  and  its  timing  with  respect  to  load  conditions,  pressure,  test  time,  and  event  count.  Over 
3000  AE  events  can  be  stored  on  a single  diskette  at  a maximum  instantaneous  rale  of  6000  events/sec  and 
a maximum  average  rate  of  1000  events/sec.  Two  floppy  disk  units  are  included  in  the  system  so  one  can 
be  operational  while  the  diskette  is  being  changed  in  the  other.  After  a specimen  test,  the  data  are 
transmitted  to  a remote  minicomputer  with  a standard  R!>232  interface.  Rapid  analysis  and  display  of  the 
data  by  the  computer  has  been  demonstrated  using  up  to  8 of  the  AE  parameters  at  one  time  in  a pattern 
recognition  routine. 


INTRODUCTION 

Techniques  for  detecting  acoustic  emission 
events  vary  from  one  application  to  another,  but 
they  all  use  some  form  of  transducer  to  convert 
one  or  more  modes  of  surface  displacement  to  an 
electrical  signal.  These  electrical  signals  may 
or  may  not  be  accurate  analog  representations  of 
the  surface  displacement  of  the  item  under  test. 
This  depends  on  the  coupling  for  the  various  modes 
and  the  sensitivity  to  surface  movements  versus 
frequency  tor  the  particular  transducer  system. 
Whatever  the  limitations  of  the  transducer  system, 
if  It  is  sensitive  enough  to  reliably  detect 
acoustic  emission  events  from  the  item  under  test, 
the  variations  of  the  electrical  signals  from 
event  to  event  may  contain  useful  information 
about  the  nature,  status,  and  location  of  the 
flaws  in  the  test  specimen. 

It  has  been  shown  that  several  features  of  the 
acoustic  emission  signal  can  be  used,  on  occasion, 
to  separate  events  from  different  causes  sut h as 
flaws  of  different  types,  siies,  and  oriental  ions, 
electrical  disturbances  and  mechanical 
noise. These  distinctive  features  may  de- 
pend upon  the  material  being  tested  and  the  test 
conditions,  and  usually  a considerable  amount  of 
laborious  detective  work  is  required  to  identify 
them.  An  event -by-event  analysis  of  several  fea- 
tures of  the  emission  signal  simultaneously,  if  it 
could  be  accomplished,  would  be  useful.  It  would 
greatly  reduce  the  amount  of  specimen  testing  and 
data  analysis  required  to  identify  the  character- 
istic features  of  the  various  sources  of  emission. 
If  they  exist,  for  a particular  material.  It 
could  also  allow  a similar  characterization  of  the 
emission  sources  during  a structural  test,  where 
repetitive  testing  is  impossible.  InstrunH-ntat  ion 
which  was  developed  to  achieve  this  is  described 
in  the  following  sections. 

BAblC  MEASURLMINIb 

We  start  here  with  the  premise  that  the  elec- 


trical waveform  from  an  At  event  contains  infor- 
mation about  the  source  ot  the  event  that  may  be 
useful  in  evaluating  the  status  ot  the  material 
under  test. 

The  most  basic  parana'ter  we  consider  is  the 
frequency  content  of  the  electrical  signal  from 
the  transducer  system.  This  may  be  strongly  in 
fluenced  by  transducer  related  resonances  and 
electrical  filters  in  the  signal  amplifying  andfor 
recording  portions  of  the  transducer  system.  How- 
ever, if  the  transducer  system  is  linear  (no  clip- 
ping ot  the  signal  waveform),  variations  of  signal 
content  from  event  to  event  may  be  measured.  The 
range  selected  for  the  Rockwell  AE  character- 
ization system  was  20  kHz  to  2 MHz. 

Having  established  the  frequency  range,  the 
next  step  was  to  select  the  various  forms  ot  amp- 
litude measurements  to  be  used.  Digital  means  for 
recording  many  thousands  of  waveforms  with  T MHz 
bandwidth,  100  dB  amplitude  range,  and  event  dur- 
ations from  microseconds  to  hundreds  of  mil- 
liseconds were  apparently  not  economically  feas- 
ible at  this  lime.  Therefore,  analog  techniques 
were  selected  for  some  basic  amplitude  measure- 
ments . 

The  first  .implitude  parameter  to  be  selected 
was  "peak  value  during  event"  on  a log  scale,  in 
dB,  from  0 to  100  dB,  with  0 dB  referring  to  a 1 
microvolt  signal  level  at  the  transducer. 

Next,  some  form  ot  envelope  measurement  was 
desired.  The  decision  was  made  to  utilize  voltage 
to  frequency  converters  and  digital  counters  to 
measure  the  area  under  the  envelope  of  each  At 
waveform.  Sensitivity  was  set  at  200  micro- 
volt-microseconds per  count  with  a capacity  ot 
1,999,999  counts  per  event. 

By  this  time  we  were  getting  down  to  the  de- 
tails ot  detining  an  "event  " Ihe  decision  was 
made  to  use  a manually  controlled  discriminator 
with  79  discrete  dB  steps  frivii  1.1  microvolt  to  10 
millivolts.  A digital  timer,  iiKimtoring  the 
output  ot  the  discriminator,  was  spent  led  to 
detect  preset  delays  ot  0.1  to  9.9  milliseconds 
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betHei‘11  tnifsftold  crosi Mrst  tb«>  iH>ei'btoi' 
t tliscr  iminitor  threshold  bised  on 
noise  levels  «t  the  trensducer.  Nest,  the  oper. 
4tor  selected  “rete  deldy,"  the  minimum  preset 
deldy  Betiveen  threshold  crossings  In  the  sjime  At 
burst  event.  Ihe  stert  of  in  event  is  defined  4S 
the  first  threshold  crossing  after  a guiet  period 
ecceeding  the  preset  "rate  delay."  Ihe  end  of  an 
event  is  defined  as  the  last  threshold  crossing 
oreceeding  a guiet  period  ecceeding  the  preset 
"rate  delay." 

Nest,  digital  circuits  were  specified  to 
neasu'-e  on  a logarithmic  scale:  the  total  number 
of  threshold  crossings  (ring  down  counts)  per 
event,  the  duration  of  the  event;  aiid  the  rise 
tune  of  the  event.  Hise  time  is  defined  as  the 
period  from  the  start  of  an  event  to  the  tune  when 
the  "peak"  is  detected,  ine  scale  selected  for 
these  measurements  was  0 t,o  U8  dB  with  0 dB  egual 
to  1 sount  or  1 microsecond,  respectively, 

A bank  of  B-guarter  decade  filters  was  speci- 
fied to  separate  tne  various  frequency  Civnponents 
III  each  event  lach  filter  output  Is  monitored 
with  a peak  detector  with  80  dB  range.  A filter 
bank  amtiluier  preset  by  the  operator,  espands  the 
lull  scale  sensitivity  of  the  peak  iletectors  from 
100  millivolts  to  11  microvolts  in  I'i  mB  steps. 

Additional  digital  cii,uits  were  specitied  to 
record:  the  event  numtier,  the  time  of  the  event 
to  the  nearest  millisecond;  the  load  value  (or  any 
other  dc  voltage  parameter)  at  the  time  of  the 
event;  the  time  delay  in  microseconds  triim  a se- 
I Olid  transducer  channel  (if  used);  the  t iw  delay 
from  a reference  "start  ol  load"  pulse  (if  used), 
and  a manually  preset  "run"  number. 

Circuits  were  also  specified  to  discard 
events;  when  time  delays  between  two  transducers 
(If  used)  ekCeed  a preset  value  (Cnd  Channel  Time 
Out);  or  when  events  iKCur  before  a preset  "load 
start  delay"  and  when  events  iKCur  after  a preset 
"load  delay  limit"  (if  load  gating  is  used  as  in  a 
fat igue  test ) . 

The  block  diagram  ot  the  system  is  shown  in 
Fig.  1.  Photcigraphs  of  the  system  are  shown  in 
figs.  ? and  i A list  Of  recorded  measurements 
for  each  event  is  presented  in  Table  I,  along  with 
tour  parameters  winch  are  constant  during  a given 
“run" . 

OAIA  PtCORUlNc. 

Ine  specified  mt’asuremenl  s total  up  to  .1,’ 
bytes  ot  data  per  event.  Ihe  problem  is  to  store 
these  at  instant aneous  rates  up  to  ISO  micro 
seconds  per  event  and  at  tverage  rates  up  to  UMX) 
events  per  second. 

Ihe  solution  was  to  use  standard  t Kippy  discs 
with  a hardware  controller  that  loads  an  entire 
track  cir  .U.’8  bytes  witti  each  revolutum  ot  Ihe 
diskette.  Ihe  system  wi  ites  or  reads  an  entire  It 
track  di.kette  in  as  little  as  14  to  IS  seconds. 

An  internal  butter  stores  up  to  1.’8  events  at 
rates  up  to  ISO  mic  msec  cinds  per  event,  while 
reading  trcim  or  writing  to  the  diskette  at  .ibout  1 
nitlisecond  pei  event. 

Ihe  floppy  disc  units  can  be  used  to  format 
new  diskelies,  record  test  data  or  play  back  test 
data.  [Iisketle  .apacUy  with  standard  ItIM  tormat 
IS  8003  events.  Iwo  disc  drives  are  included  in 
the  system  so  one  can  he  ciperat  lona  1 wtnle  the 
diskette  IS  being  changed  m the  other.  This 
mininwes  tost  data  during  ciperat  ion. 
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COHPUTCR  INTtRFACI 

Connection  to  a remote  computer  is  made  using 
a serial  Interface.  This  R!>23?C  type  Interface 
transmits  data  to  a computer  In  10  bit  segments  (8 
data  bits  plus  start  and  stop).  At  a rate  of  9600 
BAUO,  960  eight-bits  data  bytes  are  transmitted 
per  second.  At  this  rate  It  takes  about  AS 
minutes  to  transmit  one  diskette.  The  interface 
has  selectable  BAUO  rates  from  19,?(X)  to  1,?00. 

OAIA  DlbPCAY 

Outputs  are  provided  for  transmission  of  se- 
lected measurements  to  the  display  unit  during 
either  the  record  or  playback  modes.  The  display 
system  (not  operational  at  the  time  this  paper  Is 
being  written)  Includes  a "klH"  microprocessor 
unit,  with  ektra  memory,  digital  to  analog  con- 
verters and  an  analog  CRT  display.  The  display 
unit  will  be  used  to  provide  real  time  CRT  display 
of  up  to  four  selected  parameter  distribution 
functions  as  data  accumulates  during  a test  oi 
during  otf-llne  playback  of  the  diskettes. 

A front  panel  LtO  display  is  also  provided  to 
display,  during  record  or  pl.iyback,  any  cine  ol  the 
lb,  Ib-bit  words  recorded  tor  each  event.  This 
display  Is  useful  for  .aonitoriiig  selected  test 
variables  during  an  ekperiment  such  as  event 
count,  test  time,  load  voltage,  or  particular 
measurement s Such  as  rise  time,  peak,  ring  down 
counts,  etc.  Ihe  LKI  display  also  has  a manual 
override  to  show  disc  controller  status  at  any 
t IIIH‘ . 

DATA  ANAIYSIS 

Analysis  of  the  data  proceeds  in  two  steps. 

During  a test,  the  monitor  (when  it  is  made  cipera- 
ticinal)  will  display  the  differential  distri- 
butions of  one,  two  or  four  ot  the  acciustic 
emission  signal  parameters  as  they  build  up  during 
a test.  Provision  will  also  be  made  tcir  plotting 
those  Curves  on  an  k-y  recorder  at  selected  limes 
to  record  (he  trends  in  the  distributions  with 
time.  Ihrso  parameters  may  be  any  of  the  imnisured 
teatures  ot  the  tcmission  signals  such  as  .imiili- 
tude.  energy,  time  ot  cxcurreiice  within  a fatigue 
load  cycle,  etc,,  or  they  iiay  he  ratios  of  the 
primary  paianx'ters  such  as  pulse  shape  (pulse  dur- 
atioinpeak  aiii|i  1 1 1 ude ) or  freguenc  y spectral  type 
(peak  atukili tilde  at  t requeue  y 1 peak  .um'l'tucle  at 
treguency  c').  Real  time  cihservat  ion  of  trends  in 
these  distribution  functions  are  e-poc ted  to  pro- 
vide valuable  guidance  in  the  more  estensive  post 
test  .inalysis  using  the  m I n i c ivntni t er , 

The  types  of  data  processing  that  can  he  done 
cm  the  ram  ic  cviiputer  a'O  essentially  only  limited 
by  the  imaciination  ot  the  esper imenter . At  pre- 
sent. software  has  been  developed  lo-tkemaorm  all 
ot  the  convc'iit  Iona  I .icoustic  emission  data 
analyses  such  as  plotting  one  eiiiissioii  paraiiX'tvWi,  . , 
against  .inotlier  or  against  time'  or  load  level,  and 
torming  distribution  functions  frevn  the  esper  i- 
nv'iital  data  (e.g.,  am|ilitude  distributions). 

These  plots  may  also  he  cibtamed  tor  a sub-set  ot 
the  total  numtier  ot  A(  events  based  on  a selected 
range  nt  cnie  or  more  parameters  such  as  .implitude. 
treguency  spectral  type,  risetime  or  Uxation  ot 
the  source  ot  the  Al  , In  addition,  a multi- 
parameler  pattern  lecognition  routine  has  been 
developed  which  analyses  the  data  m an  n- 
dimensional  vector  space  and  looks  for  regions  ot 
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hi^h  event  ilensity.  Clusters  of  events  in  the 
vector  spice  induite  i conmon  "type*  of  event 
■hlch  iniy  be  assoc  i.Ued  with  a specific  source  by 
other  means  (fiom  prior  iinu«led<je,  coniparison  mith 
loidiny  history,  metallography,  frat tography , 
etc. ). 

An  example  of  the  usefulness  of  the  pattern 
recognition  capability  is  in  identifying  different 
freguency  spectral  types. (^)  Acoustic  emissions 
from  a graph  1 te-epoiy  bend  specniien  were  analyied 
in  terms  of  an  d-d imens iona I vector  space  where 
spectral  amplitude  in  each  of  seven  frequency 
ranges  and  the  time  of  occurrence  of  each  event 
were  the  eight  parameters  used.  During  the  early 
part  of  the  test,  most  ot  the  emission  events  had 
the  frequency  spectral  type  shown  in  Fig.  4a.  As 
the  specimen  was  loaded  to  near  Its  ultimate 
strength  level  and  .about  40  seconds  before  a major 
load  drop  occurred,  emissions  having  the  spectral 
types  shown  In  Fig.  4b  first  appe.ired  This  type 
of  emission  then  occurred  throughout  the  '•emainder 
of  the  test  and  showed  up  as  a separate  cluster  of 
points  extending  along  the  time  axis  in  the  S- 
dimenslonal  vector  space.  The  cause  of  the  load 
drop  was  a lengthwise  delamination  between  the 
specimen  piles.  If  it  can  be  estab 1 ished  that  the 
iiiechanism  which  causes  the  low  frequency  type  of 
acoustic  emission  is  uniguely  associated  with  the 
del.imination  process,  as  is  suggested  by  these 
initial  results,  this  would  be  a tremendous  aid  in 
interpreting  results  of  proof  tests  of  composite 
structures. 

Another  comparison  made  in  Fig.  4 is  in  the 
appearance  of  the  freguency  spectral  data  when 
obtained  by  two  methods.  The  acoustic  emission 
signals  from  a graphite-epoxy  specimen  were 
recorded  on  a modified  videotape  recorder(d)  and 
then,  during  post-test  .inalysis,  the  two  tSTiission 
signals  were  analyzed  by  playing  them  back  through 
a standard  swept  frequency  spectrum  analyzer 
(Hewlett  Packard  Model  l41S/8bb3B/85b?A)  and  an 
x-y  recording  of  the  spectrum  obtained,  and 
through  the  present  AEMPA  system.  The  same  was 
done  for  a region  of  electronic  background  noise 
immediately  preceding  each  of  the  two  emission 


bursts  in  order  to  establish  the  relative  ampli- 
tude levels  obtained  by  the  two  methods.  Com- 
parison of  the  discrete  and  continuous  spectral 
data  shows  that  the  two  spectral  types  are  easilv 
recognizable  by  either  method,  and  in  fact  a two- 
point  spectral  analysis  would  have  been  sufficient 
to  separate  the  two  types  ot  emissions  in  this 
case. 

CONCLUSIONS 

An  Acoustic  Emission  Multi -Parameter  Analyzer 
System  which  includes  the  very  important  parameter 
of  freguency  spectral  content  has  been  constructed 
and  demonstrated  Kith  this  system,  previously 
observed  correlations  between  the  characterist ics 
of  emission  signals  and  specific  emission  sources 
can  be  more  rapidly  and  quantitatively  explored, 
and  It  IS  expected  that  previously  unobserved 
correlations  will  be  discovered.  The  practical 
result  of  these  studies  will  be  quidance  in  the 
design  of  structural  test  eguipmeiit  and  a better 
understanding  ot  the  results  of  such  tests. 
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abstract 

Thp  qewral  trend  in  acoustic  ('mission  (At)  rnomtorinq  systems  has  been  one  ot  increasing  complexity. 
This  IS  particularly  true  in  svste*ns  for  continuous  monitoring  wiiich  are  usually  multichannel  (perhaps  ?0 
to  40)  and  incoriiorate  a dedicated  minicomtiuter.  A unique  concept  which  reverses  this  trend  for  selected 
applications  has  been  deyelopt'd  at  Battel  le-Northwest , Richland,  WA.  This  concept  uses  nonvolatile, 
postage  stangi  sized  solid  state  digital  menn'i'ies  to  store  acquired  data  in  a permanent  foim  wiiich  is 
easily  retrieved.  After  data  has  been  extracted  the  mt'mories  can  be  erased  and  reused.  It  also  uses  a 
fundamental  method  to  accept  AE  data  only  from  a selected  area.  The  digital  meiixiry  system  which  can  be 
tattery  operated  is  designed  for  short  term  or  long  teim  (months)  continuous,  unattended  monitoring.  It 
has  been  successfully  applied  in  laboratory  testing  such  as  fatigue  crack  growth  studies,  as  well  as 
field  rxmitorinq  on  bridges  and  piping  to  detect  crack  growth.  The  features  of  simplicity,  compactness, 
versatility,  and  low  cost  contribute  to  expanded  practical  application  of  acoustic  emission  technology. 


INTROmiCTION 

The  basic  theory  of  acoustic  ('mission  monitor- 
ing IS  establisheil  and  the  technology  is  being 
applii-d  in  a wide  range  of  material  experiments  and 
structural  analysis  programs.  In  the  course  of 
this  work,  the  general  trend  in  acoustic  emission 
(AE)  monitoring  syst(»ms  has  been  one  of  increasing 
complexity.  This  is  particularly  true  of  systems 
designed  for  continuous  monitoring  of  a structure. 
These  systems  are  usually  multichannel  (in  the 
vicinity  of  20  to  40  or  more  channels)  and  require 
a dedicated  computer  for  data  processing  and  stor- 
age. Such  systems  may  cost  from  $100,000  to 
$500,000.  Sony'  applications  require  this  degree  of 
sophisticat ion.  An  example  is  simultaneous  moni- 
toring of  a large  material  volume  such  as  a nuclear 
reactor  pressure  vessel  during  hydrostatic  testing 
to  detect  and  locate  defects. 

There  are  many  structural  monitoring  applica- 
tions of  AE . however,  where  the  system  comj'lexity 
just  described  is  not  needed.  In  a structure  such 
as  a pressure  vessel  or  a bridge,  once  initial 
inspection  has  been  accomplished,  a large  portion 
of  the  material  volume  is  of  m'  ri'al  concern  to 
continuyd  structural  intt'grity.  There  renviin 
selected  areas  of  concern  such  as  known  high  design 
stresses  (e.g.,  nozzle  penetrations  of  a pressure 
vessel)  or  portions  of  a structure  which  are 
especially  critical  to  the  integrity  of  the  total 
structure  (e.g..  certain  suspension  members  in  a 
bridge).  To  apply  a complex  AE  system  to  continu- 
ously monitor  such  selected  areas  over  a long 
period  of  time  would  not  only  be  very  expensive 
but  also  may  be  iimiractical  because  an  operator 
with  the  required  skill  may  not  be  routinely  avail- 
able. 

A unique  concept  for  continuous  AE  monitoring 
in  selected  applications  such  as  those  described 
above  has  been  developed  at  Bat  tel le-Northwest . 

It  reverses  the  trend  to  increasing  complexity 
while  retaining  such  important  requirements  as 
reliability,  permanent  data  record,  and  easy 
retrieval  of  data  for  analysis.  The  original 
concept  giew  out  of  a special  need  in  a program 
being  performed  for  the  U.S.  federal  Highway 
Administration  to  apply  AE  to  bridge  monitoring. 


RNW  Digital  AE  Monitor  (DAEM)  System(s)  are 
designed  for  long  term  monitoring  of  identified 
areas  of  concern  in  a structure.  Their  concept  is 
centert'd  around  a solid  state  programmable  read- 
only digital  memory  (EPRUM)  which  is  used  to  record 
acoustic  ('mission  information.  Electronic  time 
gated  logic  circuitry  restricts  the  acceptance  zone 
for  acoustic  signals  thus  providing  a monitor  which 
can  selectively  accept  information  only  from  a 
prp-determined  material  voluny’  in  a complex  struc- 
ture. The  digital  memory  provides  the  basis  for 
reducing  system  complexity  and  systi'm  cost  without 
sacrifice  of  sensitivity  or  versatility.  These 
memories  are  intended  for  use  as  a pre-prograicyned 
instructional  device  for  use  in  computer  systems. 
Through  the  use  of  specially  designed  programming 
circuitry,  they  were  adapted  to  use  as  a dynamic 
recording  device  for  BNW's  DAEM  systcvn.  One  very 
important  feature  of  the  PROM's  compared  to  other 
types  of  solid  state  digital  memories  is  the  fact 
that  they  are  nonvolatile,  i.e.,  recorded  informa- 
tion is  retained  indefinitely  without  continued 
power  supply.  The  memories  can  be  erased  by 
exposure  to  ultraviolet  light  and  reused  after  the 
stored  data  is  recovered. 

The  PRlTM's  currently  being  used  are  IBK  mem- 
ories. This  capability  is  utilized  to  provide  1024 
address  locations  with  a capacity  of  65,535  counts 
in  each  address.  The  programming  is  controlled  on 
a time  basis  noi'mally.  When  the  preset  accumula- 
tion period  is  complete,  the  data  is  stored  and  a 
new  counting  period  is  started  iimy'diately . This 
process  continues  in  sequential  manner  until  the 
monitoring  is  completed  or  all  the  memory  addresses 
are  used.  When  a memory  is  full  or  at  the  end  of  a 
test,  the  used  memory  is  removed  and  replaced  with 
a fresh  one.  The  used  memory  is  then  read  out  to  a 
digital  printer  to  provide  a hard  numerical  copy. 
The  mempry  is  then  erased  and  reused. 


DIGITAL  MEMORY  FEATURES 

• NONVOLATILE 

• PERMANENT  STORAGE  >5  YEARS 

i • HIGH  STORAGE  CAPACITY  ''6»  MILLION  COUNTS 

• COMPACT 

• EASE  OF  USE 

• LOW  COST 

• LOWER  POWER  DRAIN 

) 


AE  PARAMETERS  STORED  IN  DIGITAL  MEMORY 


• EVENT  OR  RINGOOWN  COUNT 

• ENERGY 

• PEAK  TIME 

• PULSE  HEIGHT 

• LOCATION 

• POLARITY 


MECHANICAL  PARAMETERS  STORED  IN 
DIGITAL  MEMORY 


• LOAO  CYCLE  NUMBER 

• AE  POSITION  ON  LOAO  CYCLE 

• RAMP  LOAO  LEVEL 

• CRACK  OPENING  DETECTOR  LEVEL 


DATA  LISTING  FROM  DIGITAL  MEMORIES 
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CANADIAN  FORCeS  IN-FLIGHT  ACOUSTIC  EMISSION  MONITORING  PROGRAM 


S.L.  McBride 
Royal  Military  College 
Kingston,  Ontario  K7L  2W3 


ABSTRACT 

A crack  growing  in  the  forward  wing  trunnion  of  a CF100  aircraft  was  monitored  for  over  60  flying 
hours.  Acoustic  emission  data  was  detected  which  indicated  that  during  climb,  following  take-off, the 
3™  crack  made  unstable  advances  on  a few  occasions.  The  detected  crack  advances  produced  about  Inin' 
of  new  fracture  surface. 


The  progranme  involves  monitoring  a crack  in 
the  7075-T6  AI  forward  wing  trunnion  of  a CF 100 
aircraft.  From  NOT  measurements  the  crack  is 
known  to  be  growing  at  an  average  rate  of  Su/flying 
hour  and  was  about  3mm  long  at  the  beginning  of 
the  program  which  was  undertaken  in  an  attempt 
to  evaluate  the  feasibility  of  using  acoustic 
emission  to  detect  crack  growth  in  flight.  The 
main  effort  has  been  directed  toward  highly 
stressed  components  which  are  reasonably  well 
acoustically  isolated  from  the  rest  of  the 
airframe,  vit.  ving  trunnions  and  wing  attachment 
fittings. 


level  varied  considerably  from  flight  to  flight  on 
a single  component  (Fig.  3).  The  amplitude 
distribution  of  the  environmental  noise  signals 
picked  up  by  the  sensor  was  found  to  be  similar 
from  flight  to  flight  with  a well  defined  cutoff 
amplitude  as  seen  in  Fig.  4.  Among  several 
thousand  recorded  noise  signals  a few  acoustic 
emission  signals  were  detected  and  have  been 
positively  identified.  The  amplitude  of  the 
largest  of  these  is  indicated  in  Figure  4 where 
it  is  seen  that  this  crack  advance  signal  is  well 
above  the  structural  noise. 


The  equipment  was  located  in  the  CFIOO 
aircraft  as  shown  in  Fig.  1.  The  stress  wave 
picked  up  by  the  sensor  was  amplified,  captured 
in  a transient  recorder  and  recorded  on  audio 
tape.  Both  the  preamplifier  and  audio  tape 
recorder  were  operated  by  the  navigator.  These 
tapes  were  then  sent  by  base  maintenance  to  the 
data  analysis  centre  at  the  Royal  Military  College 
where  both  amplitude  distribution  and  spectrum 
analysis  of  the  recorded  data  was  carried  out 
signal  by  signal . 
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Fig.  1 A schematic  diagram  of  the  in-flight  data 
recording  system  and  the  location  of  the  various 
components  in  the  CFIOO. 


In  a preliminary  in-flight  fleet  survey  it 
was  found  that  the  structural  noise  detected  by  the 
sensor  could  vary  considerably  between  components 
of  the  same  type  (Fig.  ?).  Further,  the  number 
of  recorded  signals  above  the  threshold  trigger 


Fig.  2 Broad  band  noise  data  obtained  witn  the 
sensor  attached  to  the  port  and  starboard  forward 
wing  trunnions.  The  in-flight  manoeuvres  covered 
the  range  -1'G'+4  in  each  case.  The  data  of  Figs 
3-5  were  obtained  on  the  port  trunnion. 


Measurements  of  the  amplitude  of  the  signals 
was  not  sufficient  to  separate  out  acoustic  emission 
due  to  crack  extension  from  structural  noises. 
Rather,  this  was  done  by  acquiring  experience  of 
noise  spectra  measured  in  flight  and  of  acoustic 
emission  si>ectra  measured  in  the  laboratory.  As  is 
seen  in  Fig.  5 a typical  noise  spectrum  decreased 


monoconkal  ly  with  Increasing  frequency  while  the 
acoustic  emission  spectra  have  pronounced  maxima 
In  the  vicinity  of  200  and  500  kHi.  Of  course 


Fig.  3 The  number  of  recorded  signals  above 
threshold  obtained  for  each  hour  of  flight. 


Fig.  4 A typical  amplitude  distribution  of  In- 
flight noise  data  (500  kH7,24dB/octave  bandpass 
filter).  Also  shown  Is  the  amplitude  of  the 
largest  suspected  A.E.  signal  observed  in  flight. 


these  maxima  Include  the  acoustical  response  of  the 
wing  trunnion  and  the  response  characteristics  of 
the  Dunegan/Endevco  S9201  transducer  used.  Figure 
6 shows  the  response  of  the  trunnion-sensor  system 
to  the  helium  gas  jet  calibration  source(l),(c)  and 
the  corresponding  laboratory  system  calibration. 
This  result  shows  that  from  the  amplitude  frequency 
point  of  view,  the  responses  of  the  laboratory  and 


field  systems  are  spectrally  similar  but  with  the 
latter  less  sensitive  by  about  6dB.  Hence  the 
direct  comparison  of  the  laboratory  and  field 
spectra  made  In  Figure  5 is  meaningful  and  no 
correction  has  been  made  In  this  data  for  the 
difference  between  the  systems.  From  the  data  of 
Figure  5 and  our  extensive  laboratory  testing  of 
7075-T6  A1  we  are  able  to  state  that  the  In-flight 
acoustic  emission  signal  Is  due  to  a sudden  crack 
advance  which  produced  about  limi’  of  new  fracture 
surface  In  the  forward  wing  trunnion.  Further, 
correlation  of  the  in-flight  log  with  the  data  tapes 
showed  clearly  that  the  Identified  crack  growth 
signals  had  all  taken  place  during  the  climb 
following  take-off. 


FftCOUENCY  tMHil 

Fig.  5 Comparison  of  an  In-flight  recorded  tran- 
sient (A.E.)  with  representative  A.E.  spectra  due 
to  stable  crack  growth  (»  O.lp/cvcle)  and  to  an  un- 
stable crack  advance  (area  • 5mm^)  In  7075-T6  A1 . 
Also  shown  Is  a typical  in-flight  noise  signal  which 
does  not  have  a similar  spectrum 


FREQUENCY  (MHt ) 

Fig.  6 The  helium  gas  jet  spectra  of  the  laboratory 
and  field  systems. 
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ELECIROCHEMICAL  OETEKMINATION  OF  HYDROGEN  IN  bTEEL 
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ABSTRACT 


The  electrochemical  measurement  of  the  permeation  rate  of  hydrogen  through  metal  foils  consists  of 
charg  ng  of  the  M«tal  with  hydrogen  on  one  side  of  the  foil  and  r^val  of  hydrogerSy  e?ectrochlinica 
oxidation  on  the  oth^  side.  The  hydrogen  diffusion  coefficient  can  be  determined  by^mathematical  analy- 
sls  of  the  lime  dependence  of  the  oxidation  current.  This  electrochemical  technique  can  also  be  used  to 
?he  n;  the  hydrogen  concentration  In  metals.  For  this  purpose,  an  electrochemical  cell  Is  placed  on 
at^^wh  concentration  gradient  Is  produced  by  oxidation  of  all  hydrogen 

"h^Lr?^  ^ ? surface.  Under  a contract  with  the  Naval  Air  Development  Center,  a portable 

for  fie  H rh  ‘‘®?‘‘Ose  of  its  magnetic  attachment  to  steel  surfaces  - Is  developed 

for  field  use  such  as  determination  of  hydrogen  concentration  In  aircraft  landing  gears  The  systOT 
consists  of  two  parts:  the  measuring  cell  In  a cylindrical  magnet  0.5  Inch  diameter)  and  the  electronic 
system  whch  allows  recording  of  the  permeation  current-time  trace  and  Integration  of  this  trace  over 


The  electrochemical  permeation  method,  which 
was  first  described  by  Devanathan  and  Stachurskl 
(1,2)  has  been  used  to  determine  the  diffusion  co- 
efficient 0 and  the  concentration  Cq  of  hydrogen 
In  Iron  and  steels  and  to  a lesser  extent  also  In 
other  metals.  In  this  method,  hydrogen  Is  pro- 
duced on  one  side  of  a metal  foil  either  as  the 
result  of  the  corrosion  reaction  In  acids  or  by 
application  of  a cathodic  current.  On  the  other 
side  of  the  foil,  hydrogen  which  has  diffused 
through  the  metal  Is  removed  by  application  of  an 
anodic  constant  potential  which  leads  to  oxidation 
of  Itydrogen  to  water.  The  measurement  Is  carried 
out  In  an  alkaline  solution  In  which  Iron  Is  pas- 
sive and  the  background  current  due  to  Iron  oxida- 
tion Is  very  low. 

A modification  of  the  permeation  method  Is 
the  technique  which  Is  used  in  the  "barnacle  cell" 
(3,4),  so-called  because  of  Its  magnetic  attach- 
ment to  steel  surfaces.  With  this  technique  use 
Is  made  only  of  the  oxidation  process  to  determine 
the  hydrogen  concentration  In  steels.  Under  con- 
tract with  the  Naval  Air  Development  Center  (NADC) 
a portable  barnacle  cell  system  Is  developed  for 
field  use  such  as  determination  of  the  hydrogen 
concentration  In  plated  steel  parts,  landing 
gears,  etc.  The  cell  system  Is  developed  at  the 
Science  Center,  Rockwell  International,  while  the 
electronic  measurement  system  Is  being  designed 
and  fabricated  at  the  Chemistry  Department  of 
Portland  State  University.  Three  prototypes  of 
the  combined  system  will  be  delivered  to  NADC  In 
September  1978. 

The  permeation  method  Is  described  In  Fig.  1. 
The  diffusion  equations,  Eqs.  1 and  2,  are  solved 
for  the  electrochemlcally  controlled  boundary  con- 
ditions. 

X • 0,  t »0,  C • Co 

X • L,  t*0,  C • 0 

OcXkt,  t<0,  C • 0 

In  Eqs.  1 and  2,  Z Is  the  number  of  electrons  In- 
volved In  the  oxidation  reaction  (Z  • 1),  F Is  the 
Faraday  constant,  D Is  the  diffusion  coefficient 
for  hydrogen,  C 1$  the  concentration  of  hydrogen 
In  the  metal  and  L Is  the  thickness  of  the  foil. 


Concentration  contours  for  different  times  are 
also  shown  In  Fig.  1 (5).  Eqs.  1 and  2 can  be 
solved  by  a Laplace  transformation  or  a Fourier 
method.  Figure  2 shows  a comparison  of  experi- 
mental data  obtained  for  Armco  Iron  with  the 
build-up  transients  predicted  by  the  two  methods 
(6). 

The  diffusion  coefficient  D and  the  hydrogen 
concentration  Cq  can  be  determined  from  the  per- 
meation transient  (1)  as  shown  In  Fig.  3.  The 
sensitivity  of  the  electrochemical  method  exceeds 
that  of  conventional  techniques  significantly. 

For  the  barnacle  cell  method  Eqs.  I and  2 are 
solved  with  the  boundary  conditions; 

X-0,  t>D,  ®C*0 
8x 

X • L,  t >0,  C • 0 

0<x-;l,  t*o,  c • Co 

Concentration  profiles  for  different  test  periods 
are  shown  In  Fig.  4 (3).  For  the  conditions  of 
Fig.  4: 


which  holds  for  k^»4  , l.e.,  t-..  • 

Dt  40 

For  4340  steel  (L  • 1 mn,  0 • 2.5- 10-^ 
cmZ/sec)  tmax'lO*  sec. 

The  barnacle  cell  system  to  be  developed 
under  contract  is  shown  In  Fig.  5.  The  cell  Is 
attached  to  the  sample  and  the  Itydrogen  oxidation 
current  Is  flowing  between  the  steel  and  N1/N10 
driving  electrode.  Details  of  the  cell  and  mea- 
suring system  are  shown  In  Fig.  6 and  7.  The 
electrolyte  (0.2  N NaOH)  Is  contained  In  a sponge 
which  provides  electrical  contact  between  the 
sample  and  the  Nl/NlO  counter  electrode.  The  N1 
electrode  Is  used  to  check  whether  sufficient 
electrolyte  Is  contained  In  the  cell.  The  mea- 
surement system  contains  provisions  to  monitor  the 
hydrogen  oxidation  current  and  to  Integrate  the 
current-time  trace.  The  current  Is  displayed 
after  a pre-set  time  Interval,  the  start  and  the 
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Interval  of  Integration  are  preset,  the  total 
coulombs  are  used  to  calculate  the  hydrogen  con- 
centration for  a given  diffusion  coefficient. 


Center.  The  hydrogen  permeation  experiments  were 
carried  out  uy  S.  L.  Jeanjaquet  and  C.  S.  Tsai. 
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STATE  OF  THE  ART  IN  SINGLE  FREQUENCY  EDDY  CURRENT  TESTING 


K.J.  Law 

K.J.  Law  Engineers,  Inc. 
Farmington  Hills,  Michigan  48024 


ABSTRACT 

NDE  in  the  mass  production  automotive  industry  uses  single  frequency  eddy  current  test  systems  for 
component  parts  integrity  testing.  Typical  measures  accomplished  are:  surface  hardness  (R^),  depth  of 
hardened  layer  (case  depth),  core  hardness,  and  soft  spots  on  the  surface  caused  by  incorrect  quench. 
Additionally,  gross  crack  and  seam  defects  are  detected  in  production  processes  by  this  type  equipment,  on 
the  order  of  .005"  deep  and  .2"  long.  Some  special  results  occur,  such  as:  fillet  combined  hardness  and 
case  depth  tests  result  in  a direct  correlation  to  fatigue  life  for  the  crankshafts  of  diesel  engines. 

Material  sorting  for  alloy  differences  is  another  important  inspection  performed  on  incoming  stock. 
Many  low  to  high  carbon  steel  alloys  may  be  sorted;  however,  there  are  combinations  which  cannot  be 
separated.  However,  multiple  frequency  testing  is  now  improving  this  situation  considerably.  The  equip- 
ment used  must  be  highly  reliable  with  MTBF's  of  10,000  hrs.  and  long-term  stability  of  months  for  success- 
ful high  speed  production  testing  at  rates  of  3600  to  72,000  parts  per  hour. 


My  business  is  primarily  with  the  automotive  such  a part  for  surface  hardness,  decarburization 
industries.  We're  eddy  current  manufacturers  who  on  the  surface  or  total  lack  of  carburization.  We 

are  staffed  with  highly  technical  people  doing  can  also  check  things  like  soft  spots  where  parts 

research  and  development  in  that  area,  but  primarily  will  pass  through  the  quench  improperly,  or  what  is 
on  a conmercial  basis.  In  other  words,  we're  not  called  slack  quench  conditions.  This  occurs  when 
funded.  That  was  a long  way  of  saying  it,  but  eddy  the  part  does  not  quench  rapidly  enough.  Things 

current  people  don't  get  very  many  funds  for  this  like  this  are  giving  automobile  engines,  as  they 

kind  of  thing  because  the  techniques  are  not  so  become  more  highly  sophisticated,  a lot  of  problems, 

applicable  to  many  of  the  problems  that  go  on  in  Me  can  do  cracks  and  seams,  but  not  with  the  selec- 

the  military  industry.  tivity  that  you  might  be  interested  in  in  some  of 

your  work . 

What  I am  going  to  tell  you  about  is  what  we 

can  do  with  so-called  single  frequency  eddy  current.  Me  can  detect  cracks  five  thousandths  in  depth 

I say  "so-called"  because  we're  finding  out  we  can  and  maybe  a quarter  inch  in  length.  We  can  also 

do  an  awful  lot  more  if  we  use  multiplexed  frequency  detect  soft  spots.  It  means  that  if  we  have  a very 

techniques.  good  material,  say  52100  bearing  steel,  or  we  have 

a highly  processed  part  like  a piston  pin  or  a part 

We  have  a couple  of  speakers  who  will  fill  you  that  is  machined  and  ground,  we  can  then  check  it 

in  on  multiple  frequency  testing  as  we  proceed.  We  for  that  kind  of  defect,  but  that  is  not  a really 

have  two  areas  for  eddy  current  testing.  One  is  the  large  part  of  our  applications, 
non-ferrous  materials.  There,  we  don't  do  a lot  of 

work,  but  we  do  have  conductivity  testers  that  can  There  are  two  areas  in  which  eddy  currents  are 

do  many  of  the  things  with  which  you  are  familiar,  especially  valuable.  One  is  in  the  high  frequency 

such  as  materials  sorting  and  the  actual  measurement  range  (high  for  us).  Ten  thousand  cycles  per  second 

of  conductivity  for  its  own  purposes  to  monitor  or  is  a frequency  we  typically  would  use  to  look  at  the 

check  the  quality  of  products  that  are  supposed  to  surface  hardness  and  look  for  shallow  case  depth  in 

have  certain  conductivity  ranges.  It  can  detect  a part  like  the  piston  pin.  The  case  depth  is 

thickness  of  thin  materials  and  we  can  do  some  heat  supposed  to  be  20  thousandths  to  35  thousandths.  At 

treatment  checking.  For  instance,  many  of  the  a high  frequency,  if  it  is  a little  shallower  than 

alkniinum  materials  change  conductivity  when  they  twenty,  we  can  usually  detect  it.  Then  we  go  to  a 

are  heat  treated,  as  do  some  stainless  materials  lower  frequency  to  look  inside  the  part,  because  the 

that  are  non-magnetic.  Thus  we  can  do  some  heat  eddy  current  penetrates  into  the  surface  of  the  part 

treatment  testing  in  this  area  with  conductivity  inversely  as  a function  of  the  square  of  the  frequency, 

eddy  current  methods.  Typically  at  10  thousand  hertz  we're  penetrating, 

maybe,  15  to  20  thousandths.  At  a hundred  hertz 

Most  of  our  techniques  are  in  the  low  frequency  we're  penetrating  on  the  order  of  one  hundred  fifty 

range.  We  operate  from  a hundred  hertz  to  a hundred  thousandths.  That  will  vary  from  one  hundred 

thousand  hertz.  Most  of  what  I have  seen  in  the  thousandths  to  two  hundred  thousandths,  depending 

aerospace  industry  is  up  in  the  higher  frequency  on  the  material, 

ranges,  500  kilohertz  and  megahertz  ranges,  but  our 

primary  business  is  in  the  ferrous  industry.  Carbides  in  cast  structures  are  of  interest  and 

are  detectable.  Cylinder  sleeves  for  a diesel 

To  give  you  a little  idea  of  what  we  can  do  engine  are  spin  cast.  For  some  reason  this  process 

there,  I am  just  going  to  enumerate  some  of  the  brings  out  carbide  conditions  on  the  surface  of  the 

tests  that  we  perform.  Most  of  what  we  do,  of  part  and  this  ruins  the  cutting  tools.  Also,  it 

course,  is  in  production.  For  Instance,  an  auto-  can  create  cracks,  and  we  can  detect  both  carbide 

mobile  manufacturer  makes  piston  pins  and  he  has  and  cracks, 

several  things  he  wants  to  check  that  he  cannot  do 

destructively.  Nondestructive  evaluation  is  some-  Another  thing  with  which  we  have  had  some  corre- 

thing,  however,  that  he  can  do,  and  he  can  do  it  lation  is  microstructure.  When  you  heat  treat  cer- 

very  rapidly  - 3600  parts  an  hour.  We  can  check  tain  ferrous  materials,  the  phase  at  which  the 
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hardness  just  goes  correctly  into  the  value  that 
you  want  is  detectable  as  a function  of  the  micro- 
structure  of  the  part.  In  many  ferrous  materials, 
this  is  determinable  with  eddy  currents  and  causes 
a very  easy  way  to  sort  correctly  heat  treated  parts 
from  incorrectly  heat  treated  ones  at  a single  fre- 
quency. We,  of  course,  are  depending  somewhat  on 
resonance  characteristics  or  resonance  effects  of 
the  materials  as  a function  of  the  processing.  The 
heat  treating  changes  tne  structure,  and  then  if 
you  induce  an  eddy  current  frequency  in  it,  the 
response  of  a particular  alloy  with  a particular 
heat  treat  condition  may  occur  at  a different  fre- 
quency than  for  another  alloy  of  steel,  heat  treated 
in  the  same  way  to  bring  it  up  to  the  same  kind  of 
Rockwell  C hardness.  Primarily,  we're  attemotinq 
to  determine  that  these  parts  have  been  processed 
properly  and  are  correct  for  their  use  in  terms  of 
a Rockwell  C scale  hardness.  It  is  almost  exclu- 
sively used  in  the  automotive  industry  as  a measure 
of  heat  treat  condition,  right  or  wrong. 

We're  able  to  determine  the  Rockwell  C hardness 
in  most  ferrous  materials  within  a half  a point  on 
the  fiC  scale  of  what  you  would  normally  do  with  a 
penetration  test.  In'Other  words,  we  can  almost 
match  the  average  hardness  of  a series  of  parts  with 
the  average  hardness  as  measured  by  the  penetration 
test  at  the  high  hardness  ranges  up  around  57  to  63 
or  64  RC.  When  we  get  into  lower  hardness  ranges 
with  eddy  currents,  we  become  a little  less  discrete, 
and  we  cannot  compare  directly  with  the  penetration 
test.  For  instance,  at  40  to  45  RC  hardness,  we 
might  be  within  two  points  of  correlating  with  the 
average  penetration  tests.  At  lower  hardnesses  than 
that  you  can  almost  forget  eddy  currents  as  a method 
for  measuring  the  hardness  of  the  material. 

Because  there  are  these  so-called  resonance 
effects,  one  of  our  analysis  techniques  is  to  put 
parts  within  a coil,  scan  the  frequencies,  and  plot 
the  results  from  the  eddy  current  instrument  to 
separate  parts  that  are  properly  heat  treated  and 
parts  that  have  all  of  these  other  faults  - 
decarburization,  slack  quench,  etc.,  whatever  the 
characteristics  are  that  have  created  the  reject 
part.  If  we  do  that,  we  then  often  find  that  there 
is  a particular  frequency,  say,  750  hertz,  at  which 
we  will  be  able  to  sort  these  reject  parts.  At 
other  frequencies  we  may  not  be  able  to  see  any 
difference. 

The  same  frequency  sensitivity  applies  to 
attempting  to  sort  steel  alloys.  You  may  find  that 
certain  alloys  will  sort  well  at  five  kilohertz  and 
other  alloys  will  not  sort  at  all  at  that  frequency, 
but  you  go  to  another  frequency  like  four  hundred 
hertz  and  you  can  sort  those  that  did  not  respond 
at  the  five  kilohertz. 


Because  of  these  considerations,  we  are  now 
going  into  a series  of  tests  at  different  frequen- 
cies. They  are  still  single  frequency  tests  in  that 
we're  not  applying  all  the  frequencies  at  one  time, 
but  we  have  developed  mulMplexing  microprocessor 
systems  where  we  can  switch  to  four  different  fre- 
quencies and  look  at  the  results  with  two  threshold 
levels  at  each  of  the  four  frequencies.  The  part 
tested  sits  inside  or  passes  through  a coil,  the 
microprocessor  system  has  let  us  do  very  rapid 
changes  of  frequency  and  very  rapidly  look  at  three 
or  four  frequencies  while  we're  inspecting  a single 
part  and  still  be  able  to  inspect  at  rates  of  two 
or  three  thousand  parts  and  hour.  This  has  created 
a big  advantage  in  the  ability  to  examine  a part 
with  more  than  a single  frequency.  In  the  past  we 
have  run  tests  in  which  we  have  had  multiple  coils 
in  a row,  each  one  operated  at  one  or  two  frequen- 
cies. This  is  cumbersome,  however,  and  leads  us  to 
the  microprocessor  approach. 

The  automotive  industry  has  decided  to  lighten 
the  weight  of  their  cars  to  help  meet  the  energy- 
mileage  characteristics  that  are  being  promulgated 
by  the  department  of  transportation.  In  order  to 
lighten  the  weight  of  an  automobile,  you  have  to  go 
to  higher  strength  steels.  You  have  to  go  to  light- 
weight metals,  aluminum  and  plastics.  The  part  we 
are  involved  in  right  now  is  in  the  high  strength 
steel  area  which  turns  out  to  be  a very  difficult 
situation  for  the  automobile  manufacturer.  In  the 
new  front-wheel -drive  vehicles,  they  have  gone  away 
from  the  conventional,  very  heavy  axle  and  very 
heavy  differential  gear  assembly  associated  with  the 
transmission,  and  gone  to  a much  simpler,  direct 
coupled  front  wheel  drive  that  naturally  removes  a 
lot  of  weight  in  the  car.  In  addition,  they  have 
gone  to  an  integral  spindle  and  hub  assembly,  in 
which  the  spindle  and  the  hub  have  bearing  races 
formed  in  the  part  instead  of  using  the  typical 
taper  roller  bearing  assembly.  This  is  a ball- 
bearing device.  When  they  assemble  the  spindle  and 
the  hub  together  with  the  ball  bearings,  they  have 
a very  critical  but  light  weight,  small  part  that  is 
high  strength  and  carrying  a much  higher  load  than 
has  ever  been  required  of  those  kinds  of  parts  in 
the  past. 

Using  the  microprocessor  system,  we  are  testing 
these  parts  using  four  different  windings  that 
ihspect  different  bearing  surfaces  in  different 
critical  areas  of  the  part  simultaneously;  in  each 
of  these  windings  we're  cycling  up  to  four  different 
frequencies  in  order  to  completely  insure  that  the 
induction  hardened  bearing  races  are  correctly  heat 
treated  and  that  the  rest  of  the  part  is  not  heat 
treated  in  a way  that  would  make  it  fracture  or  fail 
in  service. 
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MULTIFREQUENCV  EODF  CURRENT  INSPECTION 
WITH  CONTINUOUS  WAVE  METHODS 


T.  J.  Davis 
Battelle-Ncrthwest 
Richland,  HA  9935? 


ABSTRACT 

This  paper  describes  the  application  of  continuous  wave,  mu1 1 i frequency  eddy  current  mt'thods  to 
nondestructive  inspection  of  materials.  A generalized  description  of  the  technology  is  included,  follow- 
ed by  some  results  obtained  in  niul ti frequency  examination  of  tubing.  A major  advantage  of  multifrequency 
inspection  is  the  ability  to  discriminate  against  unwanted  test  parameters.  The  discrimination  process 
is  effected  by  combining  the  data  from  individual  frequencies  in  a manner  similar  to  simultaneous  solu- 
tion of  multiple  equations.  Mul t i frequency  tests  are  described  showing  how  discrimination  has  been 
achieved  against  parameters  such  as  probe  motion,  tube  support  plates  and  magnetic  surface  deposits. 


INTRODUCTION 

Continuous  wave  inul  ti  frequency  eddy  current 
inspection  can  provide  substantially  improved  char- 
acterization of  material  parameters  in  a variety  of 
appl ications.  This  is  primarily  due  to  its  ability 
to  eliminate  unwanted  parameters  from  test  data. 

The  basic  approach  relies  on  the  skin  effect  pheno- 
menon of  current  flowing  in  the  specimen  to  provide 
independent  Information  at  different  frequencies. 
The  test  results  from  individual  frequencies  can  be 
combined  in  real  time  so  as  to  obtain  outputs  which 
are  free  of  certain  parameters  but  which  preserve 
other  test  data.  The  ability  to  select  individual 
frequencies  inherent  in  the  continuous  wave  ap- 
proach plays  an  important  part  in  successful 
elimination  of  unwanted  parameters. 

This  paper  describes  some  field  results  of 
mul  ti  frequency  testing  and  addresses  soii.e  of  the 
technology  used  in  implementing  the  tests. 

BACKGROUND 

Continuous  wave  multifrequency  testing  is  the 
direct  equivalent  of  operating  more  than  one  sinqU’ 
frequency  unit  with  a conmon  search  coil.  Two 
parameters  are  output  from  each  frequency  --  the 
in-phase  and  quadrature  components  of  coil  impe- 
dance. These  components  are  directly  relatable  to 
Fourier  amplitude  coefficients  of  eddy  currents 
flowing  in  the  test  specimen. 

Implementation  of  a single-frequency  test  is 
shewn  in  Fig.  1. 
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Fig.  1.  Implementation  of  a single  frequency  eddy 
current  test. 


The  test  is  based  on  the  following  events: 

1.  The  search  coil  is  excited  with  alternating 
current  at  the  test  frequency  and  positioned 
over  the  specimen. 

?.  The  primary  field  (H  ) of  the  coil  links  with, 
and  produces  potentiSl  differences  in,  the 
conducting  specimen.  The  potential  differences 
cause  circulating  or  eddy  currents  to  flow  in 
the  specimen. 

3.  The  eddy  currents  produce  a secondary  electro- 
magnetic field  (H5)  which  links  with  the  coil 
and  induces  a secondary  voltage  in  it. 

•1.  The  secondary  voltages  are  detected  by  most 
comiercial  instruments  as  a change  in  the 
equivalent  impedance  of  the  coil.  The  coil 
is  connected  as  one  leg  of  an  impedance  bridge 
in  the  instrument,  and  the  secondary  voltages 
alter  the  current  delivered  to  the  coil  by  the 
bridge,  resulting  in  a change  in  equivalent 
impedance  of  the  coil.  Alternatelv,  the 
secondary  voltages  may  be  detected  directly  by 
a second  coil  (send-receive  method). 

5.  The  Fourier  amplitude  coefficients  A and  B of 
the  secondary  voltage  a*‘e  detected  and  outout 
by  the  instrument.  These  are  used  to  interpi-et 
a variety  of  material  properties,  including 
conductivity,  pemH'abi  1 it i . thickness,  flaw-, 
(voids  or  inclusions',  and  probe-to-spec  im«'n 
spacing  (liftotfl. 


In  a continuous  wave  mult'r  r *regue’Hy  test 
as  shown  In  Fig.  the  ampl'ludn  ■•■•tu'ent 

from  each  frequency  are  s IbhiI  *ane>  r 1 v .x.itimt  m 
real  time.  They  can  men  be  .iimlom  ^ '■  M-a'  1 1 n' 
by  analog  arithmetic  criuitiv  to  .9''  ne 
desired  cancellation  . * un«,ant»wi  . 'he 

combination  process  nav  be  liie'e  • '•  siniulti 

neous  solution  of  multiple  equat  wni.n 

variables  are  eliminated  bv  mult’  "ig  eft.'  " 
equations  by  an  api'ropriate  i.'nctant  an,i  .niji  .;  the 
result  to  other  equations  H,irOy«are  metiHids  * <r 
implementing  signal  combination  or  im«inq  »i’l  pe 
addressed  ih  a following  seition  o*  this  .>apei 


lO't 


SINGLE 

FREQUENCY 

INSTRUMENTS 


A, 

B, 

A, 

B, 

An 

Bn 


l ig.  2.  bimple  imt'lementitlon  of  a mul  1 1 -fregu«?nc> 
eody  current  system 

Pepending  upon  the  test  reguirements,  the 
optimal  signal  comhinat ion  must  he  selected  with 
a certain  anKiunt  of  caution.  In  general,  there 
I an  he  a wide  variety  of  ways  to  comhine  outputs 
from  various  freguencies  to  caniel  a given  para- 
meter, hut  not  all  of  these  comhinations  will 
provide  meaningful  or  high  sensitivity  intomsition 
on  desired  specimen  parameters.  Comi>uter  optimiza- 
tion technigues  can  he  sunessfullv  uswl  in  many 
cases  to  determine  the  optimal  comhination. 

APPL  R'AJJpNS 

Results  of  three  field  applications  of  miilti- 
freguencv  testing  are  described  Ih'Iow.  In  twi'. 
steam  generator  tubing  inspection  and  magnetic 
deposit  thickness  detection,  output  signals  are 
directly  mixed  to  eliminate  unw.intiHl  parameters 
from  the  test  data.  A third  application,  dimen- 
sional gaging  of  tubing,  uses  two  freguencies  to 
obtain  independent  iiifpimution  on  liftoff  and  wall 
thickness.  Tubing  IP  is  then  ohtaini\1  by  cotnl'ining 
these  parameters. 

'l*'.'l*V''’f.dr  Tuhjj'i  Instiection  --  Steam  genera- 
tor tuK?s  In  nuclear  pov«>r  plants  are  simietimes 
subject  to  corrosion  mechanisms  in  which  the  anK'unt 
of  degradatipr.  is  difficult  to  accurately  guantifv 
with  conventional  single-freguency  inspection. 
Economic  penalties  to  the  utility  are  gui te  high  if 
a tubing  flaw  inaccurately  siztxi  during  mutine 
inspection  develops  intt  a leaker  during  reactor 
operation.  The  plant  must  be  shut  down  to  plug  tin’ 
tube,  during  which  the  lost  revenue  for  power  sales 
can  approach  S4OO,0lX)  per  day. 

dattel  le-florthwest  has  developed  a multifre- 
guency  eddy  current  system  for  insiH'Cting  steam 
generator  tubing  under  a research  contract  with  the 
Electric  Power  Research  Institute  (EPRI),  Palo 
Alto,  California.  The  systiim  has  been  evaluattsl  on 
.1  steam  generator  mockup  usincj  two- friHiuencv 
inspection.  The  system  is  currently  being  prepared 
for  evaluating  three-  and  f our-treguency  inspection 
combined  with  advanced  probe  designs.  Petailexi 
InfomMtion  on  the  system  is  available  in  Referen- 
ces I and  2,  and  results  of  the  mockup  evaluation 
are  contained  in  Reference  .1.  A three-frextuencv 
system  manufactured  by  Intercontrole,  a Irench 
firm,  has  also  undergone  evaluation  by  EPRI  on 
their  steam  generator  mockup;  tht'se  results  are 
also  included  In  Reference  3. 

The  Battelle  system  has  demonstrated  the 
ability  of  a two-f reguency  test  to  achieve  total 
discrimination  against  probe  v<obble  and  partial 


diSvriminatlon  against  tube  support  indications. 
Alternately,  if  a t ight -f i 1 1 mg  or  self-centering 
probe  is  used  to  eliminate  probe  wxibble,  total 
discrimination  against  the  tutw*  supports  can  be 
obtained,  these  results  otien  substantial  routes 
toward  autivnated  interpretation  of  test  data, 
because  the  flaw  information  is  no  longer  masked 
by  the  unwanted  indications  from  wobble  and 
supports . 

The  results  describisl  below  were  obtained 
using  a two-coil  differential  probe  of  the  type 
shown  in  fig.  3 The  probes  are  inserted  fhrougn 
the  tutw'  past  thx-  U-b<>nd  region  as  shown  in  fig. 

A.  Eddy  current  data  are  reiordexi  as  the  protie  is 
withdrawn,  aiKi  then  interpreted  to  detemiine  the 
depth  of  flaws  located  in  the  tube.  Typical  sup- 
port plates  through  which  the  tubes  pass  are  made 
frcmi  mild  steel  with  thicknesses  up  to  3,4  inch 


►ig.  3.  Idoy  current  probes  for  steam  generator 
tubing  inspection 


tig.  4.  Inspection  of  a stean  generator  tube 

flaw  data  are  current  1>  interpreted  fi\mi  a 
single-fregueiK  v test  by  observing  the  twc-  tester 
outputs  on  an  \-ii  oscilloscope.  A typical  flaw 
will  trace  a figure-eight  pattern  on  the  oscillo- 
scope due  to  the  differential  nature  of  the  test. 
Cine  lobe  of  the  pattern  corresponds  to  the  first 
coil  passing  by  the  flaw;  the  other  lobe  is  rotated 
18ii'’  and  is  generated  bv  the  second  coil.  Ihe 
phase  angle  of  the  flaw  pattern  on  the  display  is 
ustsi  as  a mxMsure  of  flaw  depth  and  corresponds  to 
how  far  the  eddy. currents  penetrated  into  the 
tubing  w.i'll  before  encountering  the  flaw. 


no 


Figures  S and  6 conn'are  the  results  of  a two- 
freguency  test  mth  wobble  eliminated  to  those  of 
a conventional  si ngl e-f reguenty  test.  In  both 
cases,  the  probe  was  drawn  through  an  ASM[  cali- 
bration tube  containing  a simulated  support  and 
flat  bottom  drill  holes  of  the  depths  indicated  in 
percent  wall  thickness.  Figures  5a  and  6a  show 
the  flaw  outputs  recorded  on  strip  chart,  and 
figs.  5b  and  bb  show  the  same  outputs  plotted  on 
an  k-i  oscilloscope  with  support  indications 
included.  The  probe  wobble  effect  shows  up  on  the 
horizontal  asis  of  the  single-freguency  data  in 
Fig.  5t  as  a random  baseline  variation  which  is 
larger  tnan  some  of  the  flaw  indications.  In  the 
twii- frequency  combined  data  of  Fig.  bh  . the 
va'bble  indications  have  been  eliminated  and  all 
the  flaw  patterns  originate  from  a comiKin  point. 
This  permits  electronic  assessment  of  flaw  depth 
by  measuring  and  outputting  the  phase  angle  at  the 
peak  amplitude  point  of  the  flaw  pattern.  In 
contrast,  the  single  frequency  test  requires  visual 
interpretation  of  flaw  pattern  phase  angle  after 
the  pattern  has  been  stored  on  the  screen  of  a 
memory  X-V  oscilloscope. 
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6a.  Two  Frequency  Strip  Chart  Data 


6b.  X-Y  Presentation  of  Above  Data 


5a.  Single  Frequency  Strip  Chart  Data 


5b.  X-V  P’-esentat ion  of  Above  Data 

Fig.  5.  Single  frequency  inspection  of  steam 
generator  calibration  tube  t-lOOkHz). 
Defects  are  scaled  in  ‘ wall  thickness. 


Fig.  6 Two  frequency  (COO  and  400  kHz)  test 
results  on  calibration  tube 

'he  mul t i frequency  data  shown  in  Fig.  b were 
obtained  by  combining  the  four  outputs  from  a two- 
frequency  test  to  obtain  three  Outputs  which  are 
free  of  wobble  information.  A second  iteration 
reduced  these  three  outputs  to  the  twi'  outputs 
sh.iwn  which  contain  nvicimum  available  sensituifi 
of  phase  angle  of  flaw  depth.  Note  that  this 
sensitivity  is  -till  substantially  less  than  that 
available  with  single-frequencv  data,  but  it  is 
wobbl e- f ree . 


Another  second  iteration  was  performed  in  parallel 
on  the  three  wv'bble-free  outputs  to  obtain  one 
final  output  which  was  free  of  support  inforniat  ion 
This  rosult  is  shown  in  fiq.  ’ The  evaluation 
showed  that  a third  freduencv  wv'uld  be  requirevi  to 
obtain  two  output  channels  which  were  both  webble- 
and  support -free,  but  which  still  contained  flaw 
depth  i nfornvi  t ion  . 


Fig.  7.  Mu  I tj frequency  output  in  which  the 
vertical  channel  is  tree  of  tube 
support  and  wobble  information. 

In  an  alternate  operating  method,  a tight-fitting 
or  self-centering  probe  was  used  to  eliminate 
probe  wobble.  This  resulted  in  almost  total  elim- 
ination of  the  support  signal  while  preserving 
flaw  depth  information.  These  results  are  shown 
in  X-Y  format  in  Fig.  8 . Use  of  the  tight- 

fitting  probe  to  eliminate  wobble  indications  is 
not  altogether  practical  for  steam  generator 
inspection  because  the  tubing  may  undergo  diameter 
variations  which  manifest  i.nemselves  as  wobble 
indications  in  the  output  and  have  the  potential 
for  masking  flaw  indications. 

The  data  of  Fig.  8 were  obtained  by  directly 
adding  in-phase  and  quadrature  test  outputs  from 
each  frequency.  Prior  to  addition,  the  support 
signals  were  rotated  until  they  were  180°  out  of 
phase  and  sized  until  they  were  equal  in  amplitude. 
The  remaining  flaw  information  has  more  sensitivity 
of  phase  angle  to  flaw  depth  than  does  the  data  of 
Fig.  6,  but  possesses  reduced  amplitude  sensi- 
tivity to  shallow  defects. 


Fig.  8.  Tube  support  discrimination  with  a two- 
frequency  (200  ana  400  kHz)  test. 


Magnetic  Deposit  Thickness  Detection  --  A two- 
frequency  eddy  current  test  was  successfully  used 
at  Flattelle  to  measure  the  thickness  of  an  oxide 
containing  a small  percentage  of  magnetite  which 
had  been  deposited  on  a base  metal.  A direct 
contact  probe  was  used,  and  a frequency  of  1 MHz 
was  used  to  measure  liftoff  between  probe  and  base 
metal.  This  relatively  high  frequency  was  chosen 
because  its  limited  penetration  into  the  base  metal 


would  eliminate  metal  thickness  information  from 
the  output.  A second  test  at  a frequency  of  ? kHz 
was  used  to  detect  permeability  of  the  oxide  while 
remaining  insensitive  to  the  presence  of  the  base 
metal.  This  information  was  then  used  to  correct 
the  1 MHz  data  against  the  influence  of  permeabil- 
ity, resulting  in  an  output  which  contained  pure 
liftoff  or  oxide  thickness  information. 

A block  diagram  of  this  test  is  shown  in 
Fig.  9 , and  the  results  from  inspecting  a cal- 
ibration sample  are  shown  in  Fig.  lO  . An 
accuracy  of  + 0.0006  in.  was  obtained  over  an 
oxide  thickness  range  of  0.0  to  0.010  in. 


2KHz 


THICKNESS  • permeability 


THICKNESS 


iPERMEABILITY 
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S OXIDE  LAYER) 
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Fig.  9.  A two-frequency  test  for  thickness 

measurement  of  a magnetic  oxide  layer 


Dimensional  Gaging  of  Tubing  --  A two-frequency 
test  has  been  demonstrated  for  measuring  ID,  00 
and  wall  thickness  in  nonferrous  tubing.  The 
technique  is  easier  to  implement  than  its  ultra- 
sonic counterpart  because  there  is  no  need  for  a 
water  bath  or  other  couplant  to  facilitate  trans- 
ferring energy  into  the  part,  it  is,  however, 
not  quite  as  accurate  as  ultrasonic  techniques, 
which  can  measure  tubing  dimensions  with  typical 
accuracy  of  0.0001  in. 

A block  diagram  of  the  test  is  shown  in 
Fig.  II.  A pair  of  diametrically  opposed  point 
probes  was  simultaneously  excited  with  a high  and 
a low  frequency.  The  high  frequency  was  chosen 
such  that  only  shallow  penetration  of  the  tube  wall 
occurred,  while  the  low  frequency  was  selected  so 
that  the  nominal  wall  thickness  was  equal  to  one 
penetration  depth.  The  hiqh  frequency  tests  were 


111' 


ustM  to  moosui  0 lutott.  Uoth  thoic  outputs  wove 
sut'ti'.ii  toil  fiom  jri  .ul.just .thi o offset  constant  to 
obtain  a iwasufo  of  the  0I>.  Ilie  two  low  fri'iiuinu  v 
outputs  wore  proiesstnt  to  obtain  1 1 f toft -f roe 
measur'isinnil s of  wall  thickness.  Ihese  two  values 
were  sumneil  toijelher  to  obtain  total  wall  thick- 
ness; this  sum  was  then  subtracteit  from  the  01'  to 
obtain  10  vlimens  ions . Ihe  ailiiitlon  anil  subtraction 
was  performeil  in  real  time  with  analog  arittunetic 
I i ri  ui  t ry . 
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Fig.  II.  ImpUsm'iitat  ion  of  a two-f  reguency 
dimensional  gaging  test  for  tubing 
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Ihe  basic  approach  in  mul t i f reguency  data 
acgulsition  is  to  parallel  an  aiiilitional  electronii 
channel  onto  the  probe  system  for  each  aildltlonal 
freguency.  The  two  m.iln  design  differences  between 
a single  freguency  system  and  a mul t i freguency 
systmii  are;  1)  the  probe  driver  is  usually  a sum 
ming  device  which  sums  together  sinusoids  from  all 
test  freguencles.  and  7)  each  output  of  the  tnstru- 
nu'iit  must  be  geiit'rated  in  such  a manner  that  it 
responds  only  to  its  particular  test  freguency 
while  rtMiiainlng  insensitive  to  other  freguencles. 

This  second  reguirement  may  be  met  in  a 
variety  of  ways.  One  approach  is  to  wiploy  band- 
pass filtering  for  each  fri>guency  prior  to  detec- 
tion of  the  amplitude  coefficients.  A second 
approach  uses  seguenflal  conniutal  Ion  or  multi- 
plesing of  Individual  t*st  freguencles  onto  the 
probe  system  so  that  only  on*  freguency  at  a time 
Is  present  on  the  probes.  A third  method  uses 
either  analog  or  digital  means  to  precisely  multi- 
ply th*  composite  probe  signal  by  sine  and  cosine 
waves  of  each  test  freguency,  followed  by  low  pass 
filtering,  to  obtain  Individual  amplitude  coeffic- 
ients. A fourth  method,  used  in  a Walsh  function 
scheme  by  Battelle  as  described  in  References  1 and 
2,  employs  simple  synchronous  detectors  driven  by 
square  wave  reference  signals.  Individual  outputs 
are  rendered  free  of  amplitude  coefficients  from 
the  other  test  freguencles  by  either: 

a)  requiring  all  test  frequencies  to  be 
related  to  each  other  by  an  even  Integer, 
or 

b)  permitting  test  freguencles  to  be  related 
by  both  even  and  odd  Integers  and  then 
combining  the  detector  outputs  In  a pre- 
detemilned  manner  to  eliminate  unwanted 
amplitude  coefficients  from  other  freguen- 
cles. 


Ihis  fourth  method  enioys  a suhs taut  I all  v 
reducod  parts  count  and  can  he  impltMiieiited  In  com- 
pact insfruimnit  paclages.  Ihese  four  methods  are 
desirihed  hrietly  tielow. 

A mul  1 1 fregiieni  y system  employing  one  type  of 
hand|iass  filtering  is  sliown  in  Hg.  1?.  Cacti 
s ing  le-t  regueniy  channel  taps  the  cc'mposite  prohe 
signal,  huffers  it  with  preampl 1 f Icat ion,  and  then 
eliminates  the  other  freguencles  witli  a handpass 
filter,  lliis  method  suiters  from  tlie  tact  that  the 
filters  must  he  retuned  each  time  freguencles  are 
changed.  Additionally,  a great  deal  of  phase  shift 
can  occur  in  the  filter  outputs  for  slight  drifts 
in  oscillator  treguemy  or  filter  renter  freguency. 
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Fig.  12,  A mu  1 1 1 f reguenc y system  employing  band- 
pass filtering 

One  type  of  mul  f i freguency  sysfimi  which 
employs  multiplexing  of  individual  s1ngle-f regueiu  y 
iiistruiiM’nts  is  descriht'd  in  Reterenie  4.  Ihe  haste 
process  iiwolves  using  a dedicated  single  freguem  y 
instrvimerit  for  each  test  freguency;  these  can  be 
off-the-shelf  commercial  instruments.  The  instru- 
ments are  conniutated  onto  the  protM'  system  one  at 
a time  in  sequence.  Their  outputs  are  sampled 
while  the  probe  data  is  being  accessed  and  the 
sampled  values  are  storiHl  and  used  as  system  out 
puts.  This  approach  is  a highly  expedient  way  to 
assemble  an  operational  mul t i freguem y system  and 
it  does  not  necessarily  reguire  a high  degree  of 
electronic  expertise  as  rompured  to  soim'  of  the 
other  schemes,  fautlon  must  b*>  used  in  multi 
plexliig  low  test  freguencles  (1  kH:,  for  exami'lel 
due  to  longer  comnutition  time's  reguired  to  reach 
a steady  state  condition  for  sampling  the  data. 

Ihls  can  force  an  unites irahle  upper  limit  on 
probe  translation  spee  1 or  on  the  rate  at  which 
probe  data  can  change.  Additionally,  this  approach 
can  require  substantial  amounts  of  cabinet  space  to 
house  the  individual  single  freguency  Instruments. 

The  third  method  uses  correlat ion-type  phase 
sensitive  amplitude  detectors  to  extract  ami'lltude 
coefficients  of  individual  freguencles  from  a 
multiple-freguency  waveform.  This  involves  linear 
multiplication  of  the  composite  signal  by  sine  and 
cosine  waveforms  of  the  test  frequency  to  be  ex- 
tracted, as  shown  in  Fig.  U.  The  reference 
sine  and  cosine  signals  must  be  synchroni zed  with 
the  test  frequency  and  may  be  derived  from  the 
oscillator  for  that  test  frequency.  The  product 
of  the  multiplication  will  N a sine  squared  term 
plus  a Of  term.  This  DC  term  Is  one  of  the  two 
desired  amplitude  coefficients  and  Is  extracted  by 
a low  pass  filter.  If  the  reference  waveforms 
contain  no  harmonic  distortion  and  the  multipliers 
are  perfectly  linear,  the  outputs  will  contain  no 


contribution  from  other  test  frequencies  in  the 

tdtton  of  this  mt»thod,  however*  one  cdn  exoect  a«; 
much  as  A pollution  of  the  outputs  hy  ot^er  lest 
frequencies.  I„  most  cases  this  is  inconsequen- 
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fig.  IJ.  Correlation  type  phase  sensitive  ampli- 
tude detection 

'"'y-  m-iy  he 

mp.ivnented  hy  either  analog  or  digital  techn  dues 

u"-fr^rSa^:;sr^c'?o:  ' 
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mu  tiplier,  are  typically  quite  noisy  devices 

vous'JSTs  micro- 

volts RMS.  and  ?)  both  a sine  and  a cosine  refer- 
ence wave  must  b.-  generated  for  each  frequencv 
requir  rig  more  sophisticated  oscillators.  In  a 
digital  mvUmieotatlon  of  the  detection  scheme  of 
Fig.  Id,  small  computers  can  tie  used  to  perform 
many  or  ine  functions  in  real  time,  including 
moUi^  ‘i’*'  pi-obe  drive  and  reference  siqLls. 
multiplying,  and  averaging  the  product  to  extract 
ampi I ude  coefficients.  The  digital  probe  drive 
. n computer  is  converted  to  an  analog 

s nusoid  by  P/A  conversion,  and  the  probe  output 
signal  is  digitized  and  input  to  the  computer^for 
Computer  speed  detennines  the  maximum 
^ "«»imum  number  of  frequencies 

I'ransIxt^.lT.''''^  ^imultan.^ously . and  the  maximum 
translation  speed  of  the  probe. 


reference  high  state,  and  -1.0  during  the  reference 
low  state.  The  multiplier  is  a much  simpler  device 
than  that  required  tor  true  four-quadrant  multi- 
plication and  does  not  inject  noise  into  the  signal 
The  reference  signals  are  Walsh  function  waveforms  ' 

Mnnx'^lR  frequencies.  Walsh  func- 

tions (Reference  5)  are  a series  of  orthogonal 
binary  waveforms.  Som.'  are  50t  duty  cycle  square 
waves;  the  balance  have  additional  state  changes 
during  a period.  ’ 

A block  diagram  of  the  Walsh  function  scheme 
s shown  in  Fig.  14.  The  outputs  of  the  detect- 
ors are  amplitude  coefficients  of  Walsh  functions 
contained  m the  composite  waveform.  As  the  Walsh 
amp  i ude  coefficients  can  be  made  up  of  Fourier 
amplitude  coefficients  from  nyire  than  one  frequen- 
cy.  they  are  input  to  an  analog  arithnytic  matrix 
which  converts  from  Walsh  to  Fourier  amplitude 
coeffic  ents.  The  main  advantage  of  this  approach 
IS  simplification  of  the  circuitry.  A four- 

fabricated  onto  two  cirruit  boards  in  the  prototype 

vL'IirZa  ^his  approach  wliuld 

^re^n  sm  Rademacner  functions,  which 

are  all  50t  duty  cycle  square  waves. 
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fig.  15.  A prototype  four  frequency  eddy  current 

instrument  using  Walsh  function  detectors 
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Fig.  14.  A Walsh  function  method  for  Implementing 
a multifrequency  test. 

h..  dPtfctlon  method 

Msed  on  Walsh  functions  for  implementing  a multi- 
frequency  steam  generator  tubing  inspection  system 
(References  1 and  2).  This  method  uses  detectorr 
similar  to  those  shown  In  Fig.  13  except  that  the 

The  gain  of  the  multiplier  is  +1.0  during  the 


IFATA  PROCESSING 

wantpd''t*c.  sense,  the  elimination  of  un- 

wanted  test  parameters  by  processing  of  multi- 
fr^uency  data  is  equivalent  to  simultaneous 
solution  of  multiple  equations.  Linear  combina- 
tions of  output  channels  are  performed  in  real 
time  by  analog  arithm,  tic  circuits.  An  example 
of  this  IS  shown  in  Fig.  ij,  where  three  signals 
containing  information  on  three  parameters  are 
reduced  to  two  signals  wfiich  are  both  free  of  the 
dJrorM*''’’/'  configuration  could  be  used 

a tubing  R''"'’'-  wohMe  signals  from 

The  probe  wobble  locus  defined  by  any  pair  of 
outputs  in  a tubing  test  will  usually  plot  a^a 
straight  line  and  can  be  eliminated  hy  the  simple 
technique  shown  in  Fig.  ih  . For  more  complex 

suonort  nUf  Pattern  from  a 

suppoit  plate,  a more  sophisticated  approach  is 

roqui rod.  Ono  of  these  is  shown  in  fig.  I/. 

Tho  support  indications  fro-n  two  different 


frequencies  are  rotated  and  sized  until  they  are 
180°  out  of  phase  and  equal  in  amplitude.  The  in- 
phase  and  quadrature  components  are  then  summed 
to  produce  two  support-free  output  signals. 


A(ii.y.l)  ■ d.a  ♦ (.v 
Bla.y.t)  • d,a  ♦ c^y 
Cla.y.t)  ■ dja  • a.y 
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Fig.  16.  Simplistic  treatment  of  parameter  elimi- 
nation 


Fig.  18.  A multifrequency  data  processing  method  i 
using  a multiplicity  of  phase  rotators 


AMPUTUOE  PHASE 
ADJUSTMENT  DOTATION 


Fig.  17.  Two-frequency  data  orocessing  method  for 
elimination  of  parameters  having  complex 
output  indications 


There  may  be  a variety  of  combinations  which  will 
eliminate  an  unwanted  parameter,  but  only  a few  of 
these  may  provide  meaningful  or  independent  infor- 
mation. For  example,  in  the  arrangement  of  Fig. 

16,  outputs  A and  C could  also  be  combined  to 
achieve  a third  output,  f3,  which  is  free  of  para- 
meter Z.  However,  these  three  outputs  will  not 
necessarily  all  contain  independent  information  on 
the  desired  specimen  parameters.  They  must  be 
examined  in  turn  to  determine  which  of  them  provide 
the  desired  information.  Computer  optimization 
techniques  are  somewhat  useful  in  making  these 
selections. 


FREQUENCY  SELECTION 


A third  approach  for  eliminating  unwanted 
parameters  treats  the  signals  from  a perspective 
of  N-dimensional  vector  space.  A plane  in  the 
vector  space  is  located  which  totally  contains 
the  unwanted  indication.  An  output  channel  is 
then  derived  which  is  perpendicular  to  this  plane 
and  which  thereby  contains  none  of  the  unwanted 
information.  This  process  can  be  implemented 
using  a multiplicity  of  phase  rotators  of  the  type 
commonly  used  in  conmerclal  single-frequency 
instruments.  A phase  rotator  Is  a four-terminal 
device  with  inputs  X and  Y and  outputs  X'  and  Y', 
and  has  a transfer  characteristic  of: 

X’  • X cos  6 - Y sin  6 

Y‘  * Y cos  0 + X sin  6 
where  0 is  the  desired  rotation  angle. 

A configuration  of  phase  rotators  used  in  the 
Battel 1e  system  for  processing  two-frequency  data 
is  shown  in  Fig.  18.  Rotators  1,  2 and  3 are 
used  to  obtain  three  wobble-free  indications  from 
the  four  wobble-prone  inputs.  For  tube  support 
discrimination,  rotators  4 and  5 are  adjusted  to 
obtain  a two-dimensional  X-Y  presentation  in  which 
the  plane  of  the  figure-eight  support  indication 
is  parallel  to  the  discarded  Z axis.  The  support 
indication  thus  appears  as  a straight  line  in  an 
X-Y  plot  of  these  two  outputs.  Rotator  6 is  then 
used  to  place  the  support  line  all  into  one  of  the 
final  output  channels,  leaving  the  other  one  free 
of  support  information.  A response  of  this  type 
is  shown  in  Fig.  7. 

Some  care  is  required  in  selecting  the  final 
combination  of  signals  for  a given  test  requirement. 


The  skin  effect  phenomenon,  which  predicts 
amplitude  and  phase  distribution  versus  depth  of 
eddy  currents  flowing  in  a conductor,  is  undoubt- 
edly the  most  useful  criterion  in  selecting  test 
frequencies.  The  general  objective  in  frequency 
selection  is  to  obtain  frequencies  which  have 
independent  information  on  specimen  parameters  so 
that  cancellation  of  one  parameter  does  not  result 
in  cancellation  of  other  desired  parameters.  The 
skin  effect  plays  an  important  role  in  obtaining 
independent  information  from  properly  selected 
frequencies. 

A generalized  approach  to  frequency  selection 
is: 

1.  Select  a frequency  range  in  which  the 
skin  effect  provides  independent  informa- 
tion on  wanted  and  unwanted  specimen 
parameters . 

2.  Select  frequencies  in  this  range  for 
which:  A)  the  indications  from  unwanted 
parameters  are  similar  enough  for  good 
cancellation,  and  B)  the  information 
remaining  after  cancellation  contains 
meaningful  information  on  other  specimen 
parameters. 

In  many  cases  the  separation  between  indivi- 
dual frequencies  should  be  held  to  as  small  as  2:1. 
For  example,  in  the  previously  described  test  for 
steam  generator  tubing,  it  was  found  that  a fre- 
quency separation  greater  than  2:1  would  not  pro- 
duce support  plate  indications  that  could  be 
effectively  cancelled,  frequencies  of  200  kHz  and 
400  kHz  were  thus  used  for  support  cancellation. 

The  support  indication  from  the  100-kHz  test 
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evidenced  enough  dlssImllarUies  from  that  of  the 
400-kH/  test  to  the  point  that  these  two  frequen- 
cies did  not  produce  effective  cancellation  of  the 
support.  This  was  attributed  to  the  greater  pene- 
tration depth  of  the  lOO-kHz  eddy  currents  in  the 
tube  wall  material,  resulting  In  support  Indica- 
tions being  manifested  at  greater  distances  be- 
tween the  probe  and  the  support  region. 

CONCUISIONS 

Continuous  wave  mul ti frequency  eddy  current 
Inspection  provides  an  extremely  powerful  assist 
In  certain  areas  of  material  characterisation.  It 
provides  the  ability  to  eliminate  or  reduce  un- 
wanted parameters  that  may  otherwise  mask  desired 
test  Information.  Continuous  wave  testing  offers 
an  advantage  over  pulsed  techniques  In  that 
Individual  frequencies  may  he  matched  to  the  par- 
ticular test  requirements.  The  responses  from 
Individual  frequencies  may  be  observed  directly 
during  the  test  development  and  frequencv  select- 
ion process.  Continuous  wave  multi  frequency  test- 
ing may  be  implemented  In  a variety  of  ways, 
ranging  from  mul tiplexing  of  conmerclal  single- 
frequency  Instruments  to  assembly  of  compact 
portable  instriments  or  to  fully  computerized 
Implementations. 
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A COMPARISON  OF  MULTIPLE  FREQUENCY  AND  PULSED  EDDY  CURRENT  TECHNIQUES 


H.  E.  Deeds 

Depertment  of  Physics,  The  University  of  Tennessee 
Knoxville,  Tennessee  37916 


ABSTRACT 

In  principle,  the  seme  Informetlon  should  be  obtalneble  from  either  pulsed  or  multiple  frequency 
eddy  current  techniques,  provided  they  utilize  comparable  frequency  ranges.  In  practice,  there  are 
Important  differences  and  advantages  for  each  method.  Pulse  Instrmentatlon  Is  generally  cheaper, 
simpler,  and  less  sophisticated.  On  the  other  hand,  there  has  been  greater  development  of  theory  and 
Instrumentation  using  sinusoidal  eddy  currents,  so  that  the  qulpment  Is  generally  more  quantitative  at 
present. 

The  basic  prx>b1em  of  determining  certain  paramenters  when  others  may  also  be  varying  can  be  solved 
by  measuring  enough  quantities  to  eliminate  the  unwanted  variables,  for  example,  by  measuring  the  pulse 
response  at  various  time  delays  or  the  sinusoidal  response  at  various  frequencies.  In  practice,  the 
number  of  useful  frequencies  Is  strictly  limited.  Little  additional  Information  is  obtainable  from  fre- 
quencies for  which  the  skin  depth  Is  much  greater  or  much  less  than  the  thickness  of  the  sample.  Since 
the  frequencies  must  be  spaced  to  permit  separation  by  filters,  this  puts  a practical  limit  of  about  four 
on  the  number  of  frequencies  useful  for  a given  problem.  This  Is  not  a serious  limitation,  since  one  can 
measure  two  quantities  for  each  frequency  and  the  total  number  of  pertinent  parameters  rarely  exceeds 
six.  Pulse  equipment  can  more  readily  handle  a wide  range  of  frequencies,  but  the  Instrmentatlon  tends  to 
become  more  elaborate,  especially  If  high  frequencies  are  needed  for  a particular  application,  and  the 
repetition  rate  becomes  low  If  low  frequencies  are  necessary.  The  reproducibility  of  pulses  Is  a problem 
which  can  be  circumvented  by  the  use  of  bridge  techniques,  differential  colls  and  other  standard  tech- 
niques. 

New  computer  programs  and  microprocessor  equipment  have  been  developed  which  now  make  It  possible  to 
set  up  tests  and  measure  parameters  directly  and  precisely  without  the  lengthy  optimization  calculations 
once  necessary,  though  the  latter  will  continue  to  be  useful  for  the  design  of  optimized  colls  and 
experiments. 


Actually,  most  of  my  experience  has  been  with  Sinusoidal  excitation  Is  easier  to  treat 

sinusoidal  eddy  currents,  and  until  recently  I theoretically,  whereas  pulses  generally  lead  to 

have  considered  pulse  methods  to  be  relatively  Integral  transforms.  Therefore,  the  theory  of 

Inaccurate.  But  recent  advances  In  Integrated  sinusoidal  eddy  currents  Is  more  highly  developed, 

circuits,  microprocessors  and  memory  chips  have  However,  the  number  of  fixed  frequencies  that  can 

made  It  possible  to  acquire,  store  and  process  provide  useful  Information  Is  limited  to  about  four, 

digital  data  In  ways  which  may  make  pulsed  eddy  The  reasons  for  this  are  that  little  additional 

currents  preferable  for  many  applications.  Information  can  be  obralned  from  frequencies  for 

which  the  skin  depth  Is  much  greater  or  much  less 
Computers  have  revolutionized  eddy  current  than  the  thickness  of  the  sample  and  the  useful 

testing  In  two  stages.  First,  large  scale  com-  frequencies  must  be  fairly  widely  spaced  because 

puters  have  made  It  possible  to  make  accurate  sharp-cutting  filters  Introduce  problems  of  main- 

calculations  of  boundary  value  problems  and  opti-  talning  phase  and  amplitude  Information.  The  result 

mize  the  testing  conditions.  New  microcomputers  Is  that  multiple  frequencies  cannot  usually  provide 

have  made  feasible  much  more  sophisticated  equip-  imre  than  about  eight  useful  bits  of  Information  In 

ment  and  data  processing  for  either  multi  frequency  a given  test  (for  example,  the  magnitude  and  phase 
or  pulsed  eddy  currents.  at  each  of  the  four  frequencies).  Fortunately 

there  are  seldom  this  many  parameters  to  be  deter- 
Accordlnq  to  the  Fourier  theorem,  data  taken  mined  or  eliminated  In  a given  test,  so  the  llmlta- 

1n  either  the  time  ir  the  frequency  domain  should  tion  Is  not  serious, 

be  equivalent,  though  many  bits  of  data  might  be 

needed  to  make  a good  transformation  from  one  to  Pulse  equipment  can  be  simpler  and,  with  a 

the  other.  Sinusoidal  eddy  currents  (a  A-functlon  few  exceptions,  has  been  less  highly  developed 
In  the  frequency  domain)  correspond  to  an  Infl-  than  multi  frequency  equipment.  However,  a sharp 

nltely  broad  "pulse"  In  the  time  domain,  whereas  pulse  contains  a wide  range  of  frequencies  and  can 

a a-functlon  pulse  In  the  time  domain  corresponds  easily  provide  multi  frequency  Information.  In  the 

to  a white  spectrum  In  the  frequency  domain.  past,  the  reproducibility  of  pulses  has  been  more 

Though  theoretically  equivalent,  there  are  a num-  of  a problem  than  with  steady-state  devices,  but 

ber  of  practical  differences  between  the  two  It  can  be  handled  by  the  use  of  bridge  techniques, 

methods.  differential  colls  and  Improved  Integrated  circuits. 
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Inspection  speed  Is  somewtMt  more  limited  with 
pulses,  since  the  pulse  must  be  essentially  com- 
plete before  the  probe  moves  to  the  next  Inspection 
region. 

There  are  several  ways  to  use  pulsed  eddy 
currents.  The  earliest  was  the  pulse-echo  tech- 
nique. This  does  not  work  well  because  eddy  cur- 
rents obey  essentially  a diffusion  equation,  not 
a wave  equiatlon.  Hence,  the  wave  form  Is  not 
preserved,  and  one  does  not  get  sharp,  distinct 
“echoes."  Rather,  there  are  simple  variations  In 
the  build-up  or  decay  of  the  signal.  A good 
analogy  would  be  to  try  to  measure  subterranean 
properties  by  measuring  the  surface  temperature  of 
the  earth  when  It  Is  struck  with  a pulse  of  solar 
radiation.  The  corresponding  sinusoidal  analogy 
would  be  to  measure  the  qhase  and  amplitude  of  the 
surface  temperature  relative  to  the  (assumed  sinu- 
soidal) excitation.  Mathematically,  the  solutions 
to  a diffusion  equation  are  real  exponentials, 
not  the  oscillatory  solutions  of  a wave  equation. 

Disregarding  the  pulse-echo  technique  then, 
should  one  work  In  the  time  or  the  frequency 
domain?  Using  frequency  Information  from  pulses 
generally  Involved  analyzing  the  pulse  Into  Fourier 


components,  probably  using  Hsish  filters,  to  obtain 
the  same  sort  of  data  as  In  the  multi  frequency 
method,  except  that  a very  wide  frequency  range 
can  be  covered  with  one  pulse  without  the  necessity 
of  special  tuning  for  a particular  application. 
Working  In  the  time  domain  Is  womewhat  simpler, 
since  fast  analog-to-digital  converts  and  sophis- 
ticated pattern  recognition  techniques  have  been 
developed.  Also,  modern  microcomputers  have 
made  polynomial  curve  fitting  practical  and 
extremely  accurate. 

At  Oak  Ridge  National  Laboratory  C.  V.  Dodd 
and  I have  developed  a number  of  new  computer 
programs  to  optimize  mul t1 frequency  eddy  current 
tests,  take  data,  perform  least  squares  fitting 
of  data  to  properties  with  a minicomputer  and  then 
calculate  the  properties  of  unknown  samples  on 
a real-time  basis  using  an  eddy  current  Instrument 
with  an  on-board  microcomputer.  We  are  also 
developing  pulsed  Instrumentation  using  similar 
techniques. 


IIH 


DISCUSSION 
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William  Lord,  Chairman  (Colorado  State  University):  At  this  time  the  floor  Is  open  for  questions  of  any 
of  the  three  speakers.  I would  like  to  remind  you  to  give  your  name  and  affiliation  If  you  have  a 
question. 

Wolfgang  Sachse  (Cornell  University);  The  previous  speaker  mentioned  that  pulse  eddy  current  measurements 
were  not  reproducible.  I am  not  an  expert--in  fact.  1 don't  know  very  much  about  eddy  currents  at 
all--but  the  question  I have  Is,  "Why  Is  that  so?  What  Is  the  cause  of  this  Irreproduclbllity?" 

W.E.  Deeds  (University  of  Tennessee);  Well,  as  I said,  1 am  not  an  expert  on  pulses  or  experimental 

things  either,  but  It  Is  my  Impression  that  you  get  heating  of  the  sample  and  of  the  coll.  If  you 
look  on  an  oscilloscope,  you  will  see  jitter.  It  Is  Just  electronic  noise  as  far  as  I am  concerned, 
but  It  Is  associated  with  heating  effects  and  things  like  that. 

Robert  E.  Green,  Jr.  (Johns  Hopkins):  I don't  know  much  about  eddy  current  either,  but  I have  had  trouble 
using  eddy  currents  with  heating  effects.  Could  you,  or  anyone,  conment  on  how  you  may  eliminate 
heating  effects? 

W.E.  Deeds;  We  have  spent  a lot  of  time  on  that.  In  the  computer  programs  for  designing  colls  It  Is 
possible  to  design  the  circuit  components  In  such  a way  as  to  eliminate  drift.  Vou're  quire  right, 
differential  colls,  differential  amplifiers,  etc.,  mounted  on  the  same  heat  sink  can  help.  There 
are  a lot  of  ways  of  doing  it,  but  In  general,  you  have  to  design  the  circuit  to  either  compensate 
or  el Iminate  drift. 

Don  Thompson  (Science  Center);  Could  any  one  of  you  give  an  overall  assessment  of  what  quantitative 
capability  has  been  successfully  demonstrated  with  eddy  current  techniques,  whether  they  be  pulsed 
or  multifrequency? 

W.E.  Deeds:  Well,  let's  see.  I think  just  before  I came  here  I was  supposed  to  be  getting  a statistical 
sample  of  our  three  frequency  measurements  on  tubing,  but  the  only  thing  I recall  were  two  frequency 
measurements  on  aluminum  sheet  and  It  seems  to  me  that  we  separated  the  errors  into  three  different 
categories.  One  was  how  reproducible  the  calculations  were;  another  was  how  well  they  fit  the  actual 
data  and  what  was  the  other  one?  There  was  a third  one  which  I don't  recall.  I would  say  generally 
that  thickness  determination  In  the  ranqe  of  70  or  so  mils  would  be  better  than  a mil.  1 would  say 
generally  dimensional  determinations  would  be  of  the  order  of  a percent. 

Don  Thompson;  I meant  the  question  from  a slightly  different  point  of  view.  What  Is  the  capability  of 
deducing,  as  we  have  been  trying  In  the  ultrasonic  areas,  to  determine  the  quantitative  characteris- 
tics of  a flaw? 

W.E.  Deeds:  The  two-frequency  apparatus  Is  the  only  one  that  we  have  really  made  flaw  measurements  on 

so  far,  but  as  I recall,  the  flaw  measurements  were  good  to  about  10  percent  and  the  depths  were  good 
to  roughly  about  10  percent  too.  I hope  we  can  do  better  than  that,  but  at  least  we  were  happy  to 
even  do  1t, 
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ABSTRACT 

The  Finite  Element  Method  for  the  computation  of  eddy  current  fields  is  presented.  The  method  is 
described  for  geometries  with  a one  component  eddy  current  field.  The  use  of  the  method  for  the  calcula- 
tion of  the  impedance  of  eddy  current  sensors  in  the  vicinity  of  defects  is  shown.  An  example  is  given 
of  the  method  applied  to  a C-maqnet  type  sensor  positioned  over  a crack  in  a plane  conducting  material. 


INTRTOUCTION 

Eddy  current  NPE  techniques  detect  defects  in 
a conducting  aiaterial  by  using  a sensor  which 
induces  currents  in  the  material,  and  then  observ- 
ing the  changes  in  the  impedance  of  the  sensor  in 
the  vicinity  of  the  defect.  The  theoretical  analy- 
sis of  the  relation  between  the  ^iefect  properties 
and  the  impedance  change  requires  the  solution  of 
Maxwell's  equations  to  determine  the  current  fields 
in  the  material.  For  most  practical  problems,  the 
geometry  is  too  difficult  for  closed  form  analytic 
solutions,  and  numerical  solutions  are  required. 

The  most  promising  numerical  technique  for 
confutation  of  eddy  current  fields  is  the  Finite 
Element  Method.  This  method  has  long  been  used  in 
stress  analysis  and  heat  flow  problems  (Ref.  1), 
and  in  recent  years  has  been  applied  to  the  compu- 
tation of  eddy  current  fields  in  electrical  machines 
(Ref.  ?).  The  method  has  also  been  used  to  investi- 
gate a problem  in  magnetostatic  NPE  (Ref.  3),  but 
has  not  been  applied  to  eddy  current  NPE,  which  is 
a time  varying  field  problem. 

In  this  paper,  the  Finite  Element  Method  for 
the  computation  of  eddy  current  fields  is  presented. 
The  method  is  described  for  geometries  with  one 
coafonent  eddy  current  field,  for  which  the  problem 
reduces  to  the  solution  of  the  two-dimensional 
diffusion  equation.  The  use  of  the  method  for  the 
calculation  of  the  impedance  of  eddy  current  sensors 
is  explained.  An  application  of  the  technique  to 
the  case  of  a C -magnet  type  sensor  over  a crack  In 
a plane  conducting  material  is  shown. 

Derivation  of  the  Diffusion  Equation  for  One- 
Cemponent  Vector  Potentials 

In  eddy  current  testing,  the  frequencies  are 
usually  low  enough  that  the  displacement  current 
term  In  Maxwell's  equations  Is  negligible.  Under 
this  assumption.  Maxwell's  equations  become 


vxE 

vxH 


>B/at 

(li 

e ♦ Js 

(?) 

where  E is  the  electric  field  intensity,  H is  the 
atagnetic  field  intensity,  B is  the  magnetic  flux 
density,  is  the  eddy  current  density,  and  Jj  is 
the  source  current  density. 


The  associated  constituent  relations  are 


wH 

(3) 

oE 

(<) 

where  u is  the  permeability,  and  o the  conductivity 
of  the  medium.  These  paraaieters  are  assumed 
constant . 


The  magnetic  vector  potential  A is  defined  by 


B • exA 


(5) 


Substituting  Eqn.  (S)  into  Eqn.  (1)  and  using  the 
fact  that  the  electric  scalar  potential  is  zero  In 
the  one  component  vector  potential  case 


E - -JA/at 


(6) 


Combining  Eqns.  (A)  and  (6)  gives 


J 


e 


-0 


at 


(n 


which  shows  that  the  eddy  current  and  magnetic 
potential  vectors  are  in  the  same  direction.  Thus, 
the  eddy  current  will  also  have  only  one  component. 

Then,  substituting  Eqns.  (3), (5)  and  (7)  into 
Eqn.  (2)  gives 

(1/u)  (vxcxA)  • -o  (aA/at)  f 

For  the  sinusoidal  steady  state  with  angular 
quency  m this  becomes 

(l/u)(vxCxA)  • -JuaA  ♦ 0^ 


(B) 

fre- 

(0) 


Using  the  well-known  vector  identity 
fxvxA  • v(vA)  -v^A 


and  the  fact  that  for  one  coaponent  vector  potential 
fields 

CA  ■ 0 

Eqn.  (1)  becomes 
2 

(l/vi)  V A - JwoA  * (10) 
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which  is  th«  lineir  diffusion  equttion  for  th* 
sinusoicUl  steady  st«t*.  Th«  Mgnvtic  vector  poten- 
tial A cen  then  be  found  by  solving  Egn.  (10)  with 
the  appropriate  boundary  conditions. 

Finite  Element  Formulation  for  One  Component 
Vector  Potentials 

For  problems  in  which  A has  only  a i component 
which  varies  onlv  in  x and  y,  an  approximate  solu- 
tion to  Egn.  (10)  can  be  found  by  formulating  the 
vector  potential  in  variational  terms  by  an  energy 
functional,  and  minimi jing  the  functional  with 
respect  to  a convenient  set  of  trial  functions.  The 
required  energy  functional  is 

/ ((l/Zu)lvA|^*J(wo/?)A^.J  -Aids 

-'S  * 


nodal  potential  A| , A^,  A,,  to  zero  for  a minimum 
gives  a set  of  3 equations  in  these  variables  for 
the  triangle  under  consideration.  Repeating  the 
process  for  every  triangle  in  the  two-dimensional 
region,  a set  of  simultaneous  equations  in  the  nodal 
potentials  is  obtained,  which  can  be  expressed  in 
matrix  notation  as 

[S][A]  ♦ .1«[T)(A]  • [J]  (16) 

where  I A)  1$  the  column  vector  of  vertex  values  of 
A,  and  I SI  and  I J)  are  rectangular  matrices  whose 
entries  aim  evaluated  fixrni  the  geometrical  coordi- 
nates of  the  triangle  vertices,  and  from  the  tri- 
angle permeabilities  u and  conductivities  o 
respectively. 

C a 1 c u 1 a t i on_  of  ^ns  p r_I  mpeda  nc  e 


The  minimization  of  the  above  funct ional  yields 
the  solution  to  tqn.  (10)  with  natural  boundary  con- 
ditions, provided  that  its  Euler  equation  is  iden- 
tical to  tqn.  (1^)-  The  Euler  equation  of  a two- 
dimensional  energy  functional  is  given  by  (Ref.  5) 


-i-  1 ♦ •’  \ 

Jx  'a*  ' iiy  (.a  ) 

" ^ y 


aA  * 
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(12) 


wheie  A and  A are  partial  derivatives  of  A along 
the  X and  y axes,  and  F is  the  integrand  of  ^ 
Substituting  the  integrand  of  in  tqn.  (11)  for 
F in  Eqn.  (1Z)  gives 


J.  (1  ♦ J-  (1  . lu,.,  A r 0 

3x  'u  ax'  ay  'u  ay'  ‘ s 
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Equation  (13)  is  identical  to  Eqn.  (10)  siive  1/u 
is  constant.  So  minimization  of  the  energy  func- 
tional .3*  of  Eqn.  (11)  yields  the  solution  to  the 
problem. 


In  finite  element  analysis,  the  minimization 
of  the  functional  ^ is  carried  out  with  respect 
to  a set  of  functions  defined  as  follciws.  The  two- 
dimensional  region  of  interest  is  divided  into  tri- 
angles, ensurins  that  the  triangle  edges  coincixie 
with  the  material  interfaces  and  boundaries.  The 
permeability  and  conductivity  are  assianeJ  to  be 
constant  in  each  triangular  region.  The  set  of 
functions  is  constrained  to  be  first  oi\ler  poly- 
nomials in  each  triangle,  whose  value  at  any  point 
within  the  triangle  is  a linear  interpolation  of 
the  vertex  values.  Thus, 

A(,,y)  . ,1^  r (^»h,xxc,lA,  (141 

• t ,m,n 

where  I,  m,  n are  the  vertices  of  the  triangle,  .\ 
is  the  area  of  the  triangle,  and  a,  b.  c ai^  geiwe- 
trical  constants  defined  by  the  relations 


(1M 


and  similarly  for  m and  n. 

Substituting  for  A from  Eqn.  (14)  into  Eqn.  (Ill 
and  setting  the  derivative  with  respect  to  each 


Since  eddy  current  testing  depends  upon  the 
change  in  impedance  of  a sensor  In  the  vicinity  of 
a defect,  it  is  necessary  to  calculate  the  impedance 
of  The  sensor  from  the  vector  potential. 

The  resistance  R of  the  coll  is  computed  in 
teims  of  the  average  ixiwer  dissiixated  P and  the 
sensor  driving  current  I fi-om  the  equaticm 

R • P/  1 1 1^ 


The  average  (\xwer  dissipated  is  given  by  the 
equation 

P ■ (W2'  f (1/n)  J-d*  dv 

■'V  (18) 

* [J/:)  0 A A*  dv 

The  second  equality  is  derived  by  substituting  friwi 
Eqn.  (4)  for  0,  and  then  using  Eqn.  (71  to  eliminate 
E.  Substituting  Eqn.  (181  into  Eqn.  (17)  gives 

R ■ (.'"'21  ,,  A. A*  dv/Hl’  (1R) 

Similarly,  the  reactance  t can  be  ciwynited  in 
terms  of  the  average  magnetic  energy  stored  in 
the  vol  ime  as 
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The  average  magnetic  energy  stoi-ed  is 


(1  '41 
(1  4'  /"  A ,1* 

J V 


( Wul  B B dv 
dv 


(21) 


The  second  equality  is  derivexi  by  substituting  fixvii 
Eqn.  (S)  for  B,  and  then  using  Eqn.  (101  to  lierive 
the  lYSult.  Substituting  Eqn.  (01)  into  Eqn.  (2tl) 
gives  for  the  i-eactance 

X • ( «■  f 2 1 


L 
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wN're  I is  the  inxiuctance  of  the  coil. 
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Sc«T <nq  of  Solutions 

A useful  property  of  vector  potential  Is  that 
the  field  which  solves  Eqn.  (10)  Is  also  the  solu- 
tion for  all  geoaietrles  which  differ  from  the  origi- 
nal only  by  a dimensional  scale  factor  1/k,  provided 
the  following  scalings  are  made: 

-All  fields  are  dimensionally  scaled  by  1/k 
-The  frequency  w Is  scaled  by  k‘ 

-The  source  current  density  amplitude  Is  scaled 
by  k2 

These  scalings  will  result  In  the  following 
scalings  to  derived  quantities: 

-The  magnetic  flux  density  amplitude  Is  scaled  by  k 
-The  sensor  resistance  Is  scaled  by  k and 
inductance  by  1/k 

This  scaling  property  Is  useful  because  the  calcu- 
lations for  one  geometry  apply  to  all  dimensionally 
scaled  geometries,  so  a "universal"  solution  Is 
obtained  for  each  geometry.  Thus,  the  results  of 
experiments  performed  In  geometries  of  experimen- 
tally convenient  site  can  be  scaled  to  less  conven- 
ient geometries. 

The  proof  is  outlines  as  follows:  let 
A(x,y,z)  be  a solution  to  Eqn.  (10).  Introduce  the 
dimensional  scaling  transformation 

X • kx  ' , y - ky ' . z ■ ki  • (23) 


For  k < 1,  the  geometry  is  enlarged  by  1/k,  and  for 
k > 1,  the  geometry  is  shrunk  by  1/k.  Substituting 
the  dimensional  scaling  transformation  Into  Eqn.  (8) 
njitiplying  both  sides  by  k^  and  defining 
A’ (x' ,y' ,z' )-A(kx' ,ky' ,kz ' ) and  Jj(x',y',2')- 
Js(kx' ,ky' ,kz' j gives 

(1/u)  (vxVxA-)  ♦ Jk^u,oA'  . k^  j;  (24) 

Thus,  the  first  assertion  Is  proved,  since  A'  Is 
just  a dimensionally  scaled  version  of  A. 

Now,  note  that 

B' (x‘ ,y'  ,z  ' ) ■ VxA' (x ' ,y  • .2  ■ ) 

• k[7xA(kx'  ,ky  ' ,k2  ' )]  (25) 

• k B(x,y,2)  . 


The  driving  current  density  Jj  Is  scaled  in 
amplitude  by  k^  and  in  area  by  1/k‘.  so  the  driving 
current  I will  remain  constant. 


H'  ’ J f A'  .A'*  dvVI  I 
-'v 

• k^u^  / A A*  (1/k^)  dv/|  I j 
■'V 

The  new  Inductance  Is,  from  Eqn.  (22) 
L’  • / A'-J'»  dv'/IH^ 
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(1/k)  L. 


Exaiiple 

As  an  example  of  the  use  of  the  FEM  analysis 
applied  to  a specific  problem,  consider  the  test 
configuration  shown  In  Figs,  la  and  1b.  This  Is  a 
cross  section  of  a C-magnet  position  over  a slot 
(I.e.,  simulated  crack)  In  an  aluminum  block.  The 
driving  current  conductors,  magnet,  slot,  and  block 
are  Infinite  In  extent  both  Into  and  out  of  the  page, 
so  the  theory  described  above  applies  to  this 
example. 


Fig.  la.  Test  configuration  showing  boundary  of 
Finite  Element  Analysis  Region. 


SLOT 
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Fig.  1b.  Detail  of  test  configuration. 


The  division  of  the  region  shown  in  Fig.  la 
into  triangles,  as  required  for  FEH  analysis,  is 
shown  in  Fig.  2a.  The  blowup  of  Fig.  2b  shows  how 
much  smaller  triangles  are  used  where  the  field 
variations  are  expected  to  be  the  greatest. 


Fig.  2a.  Division  of  Finite  Element  Analysis 
region  into  triangles. 


The  contours  of  the  magnitude  of  the  magnetic 
vector  potential  A are  shown  in  Fig.  3 for  1000  Hz. 
The  direction  of  A is  always  perpendicular  to  the 
page.  It  can  be  shown  that  these  contours  are  also 
the  boundaries  of  tubes  of  magnetic  flux  ♦,  where 


a • 


(28) 


Each  flux  tube  contains  the  same  amount  of  flux. 


Fig,  3,  Contours  of  the  magnitude  of  A for 
no  slot  at  1000  Hz. 


The  contours  of  the  real  part  of  the  eddy 
current  density  Jg  are  shown  in  Fig.  4 for  1000  Hz. 
The  maximum  of  current  is  at  the  top  surface,  with 
the  amplitude  falling  into  the  material,  as  expected. 
The  closed  contours  below  the  surface  indicate  a 
local  minima  since  the  real  part  is  an  exponen- 
tially decaying  cosine,  emphasizing  that  eddy 
currents  are  a propagation  wave  phenomenon. 

Figures  5 and  6 are  the  same  as  3 and  4 respectively, 
except  the  slot  has  been  Introduced.  These  figures 
show  that  the  fields  are  changed  little  by  the 
presence  of  the  slot,  as  would  be  expected  for 
currents  parallel  to  the  slot. 

For  purposes  of  eddy  current  testing,  the  most 
Important  feature  of  the  FEM  analysis  is  the  ability 
to  compute  the  impedance  at  the  terminals  of  the 
sensor  for  various  slot  configurations  and  test 
frequencies.  It  is  customary  in  the  eddy  current 
testing  literature  (Ref.  6)  to  plot  a normalized 
impedance  diagram  for  the  particular  test  configu- 
ration, as  shown  in  Fig.  7 for  the  example  described 
liere.  The  sensor  resistance  and  reactance  are 
normalized  to  uiL^t  the  reactance  of  the  sensor  by 
Itself.  This  graph  has  the  familiar  comma  shape 
shown  in  the  literature. 


Fig.  2b.  Detail  of  triangles  in  vicinity  of 
C-magnet. 
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Fig.  4.  Contours  of  the  real  part  of  Jg  for 
no  slot  at  1000  Hz. 


Fig.  5.  Contours  of  the  magnitude  of  A for  a 
.01"  X .55"  slot  at  1000  Hz. 


In  actual  testing  situations,  the  inspector 
uses  an  oscilloscope  presentation  of  a small  region 
of  this  diagram  about  the  point  on  the  curve 
corresponding  to  the  operating  frequency.  He  then 
notes  the  deflection  of  this  point  as  the  sensor 
is  moved  in  the  vicinity  of  a defect. 


Fig.  7.  Normalized  Impedance  Diagram  for  the 
test  configuration  of  Fig.  1. 

Figures  8 and  9 show  the  maximum  deflection  of 
the  point  for  various  depths  and  widths  of  the  slot 
at  60  Hz  and  1000  Hz.  The  figures  show  that  the 
motion  is  different  for  changes  in  slot  width  and 
depth,  which  means  that  information  about  these 
parameters  is  contained  in  the  impedance  diagram, 
and  could  be  extracted.  By  using  the  information 
at  different  frrquencies,  it  may  be  possible  to 
extract  many  slot  parameters. 
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Fig.  9.  Maximun  deflection  on  the  impedance 
diagram  for  various  slot  depths  and 
widths  at  1000  Hy. 

CONCLUSIONS 

The  Finite  Element  Method  for  the  calculation 
of  the  impedance  of  eddy  current  sensors  in  the 
vicinity  of  defects  has  been  shown  for  one-component 
eddy  Current  fields.  The  method  can  be  used  to 
calculate  the  impedance  changes  for  changes  in 
defect  parameters  without  requiring  special  geome- 
tries for  the  solution  of  Maxwell's  equations. 

Future  work  in  this  area  will  extend  the  Finite 
Element  Method  to  three-dimensional  geometries, 
removing  the  geometrical  constraints  on  the 
impedance  calculations. 
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DISCUSSION 


Bruce  Thompson  (Science  Center):  What  Is  the  restriction  on  the  shape  of  flaws  that  you  can  handle? 

T.G.  Kincaid  (General  Electric):  Providing  I can  make  my  triangle  small  enough,  practically  none.  I'm 
free  to  make  those  flaws  any  size  I want  as  long  as  they  can  be  bounded  by  the  sides  of  triangles. 


Bruce  Thompson:  How  small,  practically  speaking.  In  terms  of  the  computational  analysis? 

T.G.  Kincaid:  Oh,  you're  asking  me  how  many  triangles  I can  put  In  that  region,  I think. 

Bruce  Thompson:  1 didn't  phrase  it  quite  that  way,  but  that's  probably  about  it. 

T.G.  Kincaid:  Ask  Chari  to  answer  that  one. 

M.U.K.  Chari  (General  Electric):  Are  you  referring  to  the  shape  of  a flaw? 

Bruce  Thompson:  Yes.  { 

M.U.K.  Chari:  There  Is  absolutely  no  restriction  in  two  dimensions. 

Ellis  L.  Foster  (Battelle-  Columbus):  I would  like  to  know  the  application  of  the  analysis  to  composites.  i 

T.  G.  Kincaid:  Please  define  composites.  Everybody  has  a different  word  for  that.  < 

Ellis  L.  Foster:  Fibrous  composites,  for  example,  with  an  organic  matrix  with  a conducting  fiber.  i 

T.G.  Kincaid:  It  is  conducting? 

I 

Ellis  L,  Foster:  Yes. 

T.G.  Kincaid:  I can’t  tell  you  the  answer  to  that  unless  we  know  the  problem.  If  we  have  the  problem, 

i,e.,  the  geometry,  we  can  say,  "Yes,  we  can  plug  it  into  the  computer,"  and  perhaps  by  trying  ; 

different  frequencies  or  different  sensor  configurations,  come  to  some  sort  of  optimization  of  j 

what  would  be  appropriate  for  the  particular  problem  you're  interested  in. 

Gerald  C.  Gardner:  Could  you  distinguish  for  us,  in  not  too  complicated  terms,  what  the  distinction  is 
between  the  fine  elements  which  you  used  to  numerically  calculate  the  apparent  impedance  of  the 
test  coil  and  the  technique  which  Professor  Deeds'  computer  program  uses? 

T.G.  Kincaid;  I think  you're  referring  to  Professor  Deeds'  statement  about  solving  boundary  value  problems. 

Gerald  C.  Garcner:  Yes,  I understand  he  has  a program  for  numerically  solving  Maxwell's  equations,  the  net 
effect  of  which  is  to  produce  a numerical  answer  for  the  apparent  impedance  of  a test  coil. 

M.E.  Deeds:  This  is  also  called  the  relaxation  method,  which  is,  perhaps,  more  familiar  to  some  people. 

There  is  no  real  limitation  except  the  size  of  the  computer  and  how  much  computer  time  you  can  afford. 

William  Lord,  Chairman  (Colorado  State  University):  If  I could  just  add  one  other  point.  The  relaxation 

technique  merely  models  the  finite  difference  representation  of  the  possible  different  equations, 
whereas  the  finite  element  method  is  an  energy  functional  approach  to  the  problem.  One  can 
argue  all  day  about  the  relative  merits  of  the  two  approaches.  The  triangle  is  more  useful  in  many 

respects  in  modeling  the  geometries  and  also  there  is  some  hope  that  one  can  apply  finite  development 

metnods  to  nonlinear  types  of  problems  where  the  materials  are  ferromagnetic. 

W,E.  Deeds:  If  I may  argue  with  you — 

William  Lord,  Chairman:  As  I said,  one  could  argue  all  day. 

W.E.  Deeds:  There  is  a differential  equation  that  you  can  approximate  with  a finite  difference  equation. 

It  is  entirely  arbitrary  whether  you  use  triangles,  squares,  rectangles,  hexagons,  or  whatever.  It 
is  just  whatever  you  happen  to  prefer  and  any  differential  equation  can  be  solved  by  this  method.  It 
is  just  a matter  of  how  you  set  up  your  finite  difference  equation. 

William  Lord.  Chairman:  There  is  some  excellent  literature  on  this  very  topic  in  the  electrical  machines 
literature.  The  battle  has  raged  for  about  a decade  and  1 would  refer  you,  if  you  are  interested, 
to  the  I.E.E.E.  transactions  on  par  apparatus  systems.  It  is  some  very  good  background  material. 

Thank  you. 
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ABSTRACT 

Small  ferriviiaynetlc  resonators  have  been  shown  to  piovide  effective  electriwiaqnrt  Ic  detectors  tor 
surface  flaws  In  nuijnetlc  and  noiviiaqnet  Ic  im’tals.  As  such  a resonator  is  nx'ved  along  the  surface  of  a 
test  piece  It  experiences^ a frequency  shift  when  it  passes  over  a flaw,  iwo  detection  mei  nanisms  are 
present;  t1)  an  eddy  current  effect  (?f  a perturbation  of  the  dc  nsignetu  bias  field  used  to  tune  the 
resonator.  Results  are  given  for  experiments  perfoinied  on  machined  slots  In  aluminum,  titanium  and  steel 
and  on  tightly  closed  fatigue  cracks  In  titanium.  Results  are  also  presented  for  sonM'  measurements  on 


titanium  aircraft  fasteners. 

INTRODUniON 

This  paper  Is  concerned  with  reoortlng  pro- 
gress m.ide  during  the  past  year  on  fi'rromagnet  Ic 
resonance  probes  for  NOE,  first  reported  at  the 
Cornell  Meeting  last  year.  I he  program  during 
this  pel- lod  has  been  a Joint  effort  involving 
Stanford,  where  the  focus  has  b(>en  on  dt»ve1oplng 
two  concepts  vid  performing  preliminary  experi- 
ments on  various  probe  geometries,  and  the  Rock- 
ve'll  Science  Center,  where  attention  has  been  di- 
rected to  test  sample  preparat  Ion  and  the  dx'velop- 
nenl  of  more  sophisticated  electronics. 

The  basic  geximetry  is  Illustrated  in  Fig.  1 
which  shows  a spherical  sample  of  ferromagnet Ic 
crystal,  yttrium  Iron  garnet  (YIG)  or  gallium 
tkiped  YIG,  placed  In  a dc  m.ignetl.  bias  field  and 
excited  with  a single-turn  coupling  loop  contain- 
ing 'ft  'I'’  plane.  It  Is  the  extreme  sim- 
plicity of  the  structure  that  makes  It  attractive 
compared  to  a conventional  eddy  current  probe  and 
the  rlg<dness  of  construction  that  gives  it  an  ad- 
vantage  over  a Hall  probe  for  dc  NUi  applications 
(flux  leakage  and  magnetic  particle  techniques) 
Resonance  of  the  YIG  sphere  takes  the  form  of  a 
procession  of  Its  magnetic  dipole  moment  about  the 
d<  magnetic  field  as  shown  in  the  figure.  The 
resonant  frequency  Is  controlled  by  the  strength 
of  the  dc  field  and  lies  typically  above  ’ GM/ . 

At  these  frequencies  the  skin  depth  in  a good  con 
doctor  Is  of  the  order  of  microns,  miu  h smaller 
than  the  flaw  dimensions.  This  m«'ans  that  the 
eddy  currents  do  not  flow  In  depth  around  the  sur- 
face fl.iw,  as  In  conventional  eddy  currents,  hut 
enter  Its  Interior  from  the  surface.  An  advantage 
of  the  feature  Is  that  it  concentrates  the  current 
at  the  flaw.  The  probe  is  a iletector  of  surface 
topography,  the  frequency  of  lh<‘  resonator  being 
perturbed  by  the  changes  In  the  surface  current 
pattern  as  they  flow  Into  the  flaw.  One  of  the 
purposes  of  the  present  research  Is  to  di'velop  a 
theory  relating  detection  signal  and  flaw  dimen- 
sions In  this  type  of  eddy  current  system.  The 
presence  of  the  magnetic  hlas  field  in  Fig.  I,  and 
Its  frequency-determining  character,  account  for 
the  dc  mode  of  flaw  iletect  Ion  with  a ferromagnetic 
resonance  probe.  If  the  test  piece  shown  Is  a 
magnetic  material,  the  dr  field  at  the  resonator 
will  change  and  this  will  cause  a shift  In  reso- 
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nant  frequency.  Our  Initial  experiments  weie  per. 
formed  on  long  machined  slots  In  aluminum,  as 
shown,  hut  more  recently  a series  of  measurements 
have  been  made  on  tOM  notches  In  titanium  and 
steel  and  on  tightly  closed  fatigue  cracks  In  tl- 
t an i urn. 

THEORY 

It  Is  clear  from  fig.  1 that  a number  of  dif- 
ferent probe  configurations  are  possible  depending 
on  the  orientation  of  the  dc  field  - tangential  oi 
noi'mal  to  the  surface,  parallel  or  perpendicular 
to  the  slot.  A general  theory  for  all  geometries 
has  been  developed  under  support  of  the  NSf  Thrust 
Program  on  Nondestructive  Evaluation  at  Stan- 
ford.' The  basis  of  this  theory  Is  the  loientt 
reciprocity  relation  In  its  form  applicable  to  gy- 
rom.ignet  1c  media.' 

V (Hi  X e'^-H.)  X El)  • 0 (1) 

wheie  subscripts  1 and  ? Indicate  two  solutions  to 
the  field  equations  and  the  carat  Indicates  that 
the  magnetic  bias  field  is  reversed.  This  rel.ilK’n 
Is  integrated  over  the  volume  enclosed  by  a sur- 
face around  the  test  piece,  a surface  enclosing 
the  signal  generator  and  a closure  surface  at  in 
flinty.  In  the  vicinity  of  the  resonator  and  the 
flaw  the  microwave  magnetic  field  is  represented 
by  the  quasistatic  approx imal Ion.  using  a scalar 
potential  1.  This  differs  from  the  theory  of  con- 
ventional eddy  current  testing,  where  a vector  po- 
tential IS  used,  but  It  Is  standard  In  ferrom.iq- 
net  Ic  response  theory  and  poses  no  problisiis  at  mi  - 
crowave  frequencies,  wliere  the  currents  are  con 
fined  to  the  surfaie  of  the  test  piece  and  flaw. 
After  performing  the  manipulations  described  in 
Ref.  I,  one  arrives  at  the  following  relation  for 
the  changes  In  resonator  frequency  and  1)  due  to 
the  presence  of  a flaw 

.V>.  I.M)  '^S,  II  , ('^,/in',ls 

U k’  1 (I  • i F \ 


where  Sf  Is  the  suit  are  opening  of  the  fl.iw,  the 
1 and  potentials  .are  In  the  absence  and  presence 
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of  the  flaw,  respectively,  the  carat  Indicates  re- 
versed bias  field,  and  V is  the  stored  energy  In 
the  resonator . 

Equation  (2)  is  an  exact  expression  but,  be- 
cause of  the  conpHcation  of  the  geometry,  it  is 
necessary  to  use  aj^prox iraat ions  In  evaluating  the 
potentials  and  4i2-  From  an  electromagnetic 
point  of  view  a small  slot  of  finite  length  is  a 
waveguide  below  cutoff,  and  certain  characteris- 
tics of  the  system  can  be  deduced  directly  from 
this  fact.  That  is  to  say,  the  depth  of  a flaw 
can  be  determined  only  If  it  is  less  than  the  de- 
cay distance  of  the  least  cut-off  mode.  On  the 
basis  of  an  approximate  wave  theory  one  finds  that 
the  detectors  limit  for  a deep  slot,  with  10-to-l 
length-to-wldth  ration,  is  of  the  order  of  0.002 
inch,  when  using  a 15  mil  diameter  YIG  probe.  For 
the  long  slot  test  geometry  shown  in  Fig.  1,  the 
length  of  the  slot  is  not  a relevant  parameter, 
because  the  probe  fields  are  concentrated  only  in 
Its  vicinity.  Fig.  2b,  and  the  slot  can  be  consid- 
ered to  be  of  infinite  length.  In  this  case.  It 
|s  appropriate  to  express  the  potentials  ifi  and 
^2  as  Fourier  integrals  along  the  z direction. 
Since  the  potential  't’2  within  the  slot  is  a so- 
lution to  Laplace's  equation,  each  component  of 
the  spatial  Fourier  spectrum  is  of  the  form 

C'2(k)  - A(k)  e'^^e'"''  (3) 

This  shows  that  the  higher  spatial  frequency  com- 
ponents decay  more  rapidly  with  flaw  depth,  indi- 
cating that  the  spatial  frequency  content  of  the 
probe  field  should  be  carefully  chosen  to  optimize 
the  sensitivity  to  depth  - which  is  the  critical 
parameter  in  a surface  flaw.  Because  of  the  nor- 
ma! derivative  of  the  second  factor  in  Eg.  (2), 
the  k-dependence  of  the  detection  sensitivity  goes 
as  kA2(k).  Figure  2(b)  shows  that  the  quantity 
passes  through  a maximum  as  a function  of  k.  In 
order  to  measure  the  depth  of  a relatively  deep 
flaw,  it  is  necessary  that  most  of  the  spectral 
energy  be  concentrated  at  low  values  of  k and,  as 
shown  in  Fig.  2,  this  feature  is  realized  by  using 
a spatially  extended  probe.  From  this  general 
type  of  reasoning  one  may  conclude  that,  in  detec- 
ting a long  slot  with  a spherical  YIG  probe,  vari- 
ations in  depth  do  not  become  observable  until  it 
Is  less  than  the  probe  diameter.  This  effect  will 
be  noted  In  the  experimental  results  of  the  next 
section.  It  should  be  noted  in  passing  that  the 
quasi -static  potential  approximation  does  not  ap- 
ply for  all  values  of  k down  to  zero  In  Fig.  2. 
However,  the  interesting  structure  of  the  curves 
occurs  for  k's  of  the  order  of  (probe  diam- 
eter)-!, or  100  cm-!,  ^hile  the  quasi-static 
approximation  breaks  down  for  k's  of  the  order  of 
(EM  wavelength/10)-!,  or  1 cm-!. 

All  of  our  experiments  to  date  have  been  per- 
formed with  the  one-port  resonator  system  shown  in 
Fig.  !.  However,  the  electronics  being  developed 
at  Rockwell  Science  Center  is  aimed  at  a two-port 
resonator  circuit  because  of  its  advantages  for 
separating  changes  in  resonator  frequency  and  Q. 
The  theory  for  this  case  has  also  been  treated  in 
Ref.  1.  Within  either  context  the  probe  may  be 
operated  either  passively,  as  a resonator  whose 
reflection  or  transmission  characteristics  may  be 
observed  by  sweeping  either  frequency  or  field  and 
observing  the  resonance  line  on  a scope,  or  ac- 
tively, as  a YIG-tuned  oscillator.  In  the  latter 
case,  the  minimum  detectable  frequency  shift,  and. 


consequently,  the  minimum  detectable  flaw  size  is 
reduced  by  the  narrower  spectral  width  of  the  ac- 
tive system. 

MEASUREMENTS  ON  LONG  MACHINED 

STcrnN  'ALTwrnDB 

The  first  series  of  measurements  were  made  in 
the  geometry’  using  the  passive  probe  illus- 
trated in  Fig.  3 where  the  YIG  sphere  is  seen  as 
the  black  dot  at  the  center  of  the  aperture  in  the 
base.  The  resonator  is  protected  by  a layer  of 
plastic  tape,  which  also  serves  to  define  the 
lift-off  distance.  Orientation  of  the  dc  magnetic 
field,  produced  by  samarium  cobalt  bars  (the  dark 
strips  on  either  side  of  the  resonator),  is  tan- 
gential to  the  surface.  The  resonator  is  pure  YIG 
and  operates  at  3.6  GHz.  Figures  4 and  5 show 
measured  frequency  shifts  as  a function  of  slot 
width  and  depth.  Note  that  the  depth  begins  to 
affect  the  frequency  shift  only  below  10-20  mils, 
that  is,  at  depths  comparable  to  the  15  mil  diam- 
eter of  the  YIG  sphere. 

The  same  series  of  slots  were  measured  with  an 
active  probe  consisting  of  a standard  negative  re- 
sistance type  of  YIG  oscillator  (Fig.  6),  again 
with  tangential  field.  This  is  not  the  optimum 
circuit  design  for  the  application  but  has  the  ad- 
vantage of  being  easily  constructed  as  a direct 
copy  of  existing  devices.  The  experimental  re- 
sults in  Figs.  7 and  8 show  the  same  general  type 
of  depth  behavior  as  the  passive  probe.  It  is  ev- 
ident that  the  frequency  shifts  are  large,  even 
compared  with  the  natural  resonance  width  (^  MHz) 
of  the  passive  system.  Measurements  on  more  real- 
istic models  are  reported  below. 

MEASUREMENTS  ON  EDM  SLOTS  AND 

nSHT  FATlGUrCRW:gT~IN7IT)!HlUM 

These  samples,  which  were  fabricated  by  Murray 
Mahoney  at  the  Science  Center,  were  tested  at 
Stanford  - the  EDM  slots  by  Elston  and  the  tight 
fatigue  cracks  by  Elston  and  Fortunko.  The  nota- 
ble features  of  these  results  (Fig.  9)  are  that 
shifts  are  very  large  for  the  slots  and  that  the 
shift  for  the  tight  cracks  is  in  the  opposite 
sense  (position)  to  that  for  the  open  slots.  The 
latter  effect  is  to  be  investigated  by  opening  the 
crack  under  load.  It  is  also  noteworthy  that  the 
first  and  fifth  entries  in  the  upper  table  indi- 
cate a distinct  depth  sensitivity,  which  is  more 
pronounced  in  the  perpendicular  field  configura- 
tion. The  tight  cracks  were  also  tested  with  the 
passive  probe,  giving  comparable  results. 

MEASUREMENTS  OF  EDM  SLOTS  IN  MAGNETIC  STEEL 

The  pre'Mous  tangentially-magnetized  probes 
cannot  be  used  on  magnetic  test  pieces  because  the 
high  permeability  path  across  the  magnet  poles 
pulls  the  field  away  from  the  YIG  resonator  and 
destroys  the  resonance.  In  this  case  it  is  neces- 
sary to  use  the  normal  field  geometry  shown  in 
Fig.  10.  Figure  II  illustrates  one  of  two  similar 
probes  of  this  type.  The  miniature  co-axial  feed 
line  passes  through  a hole  drilled  in  the  samarium 
cobalt  magnet  and  the  YIG  resonator,  seen  as  a 
black  dot  in  the  photo,  is  mounted  on  a straight 
wire  or  half-loop  coupler.  Figure  12  shows  a 
spring-loaded  micrometer  controlled  scan  mount  for 
this  type  of  probe.  Using  the  arrangement,  the 
measurements  shown  in  Fig.  !3  were  taken.  By 
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CONCLUSION 


shii*lding  the  microwave  currents  from  the  steel 
sample  b>  means  of  an  aluminum  film  of  thickness 
greater  than  a skin  depth,  it  was  determined  that 
the  observed  frequency  shift  was  almost  entirely 
due  to  the  shift  in  dc  magnetic  field  due  to  the 
pressure  of  the  flaw.  This  phenomenon  appears  to 
offer  great  promise  as  a method  for  performing 
magnetic  particle  detection  in  a quantitative  man- 
ner. YIG  probes  do  not  suffer  from  the  mechanical 
fragility  of  Hall  field  probes.  Figure  14  shows  a 
calibrated  series  of  lift-off  and  displacement 
measurements  on  steel  using  the  arrangement  In 
Fig.  12,  giving  an  Indication  of  the  stability  of 
the  device.  Sane  preliminary  tests  have  been  made 
with  this  probe  on  tight  cracks  in  steel,  provided 
by  Phil  Hodgetts  of  Rockwell  International,  Los 
Angeles  Division.  These  have  not  yet  been  detec- 
ted and  further  work  Is  needed  to  reduce  the  resn 
nance  line  width  of  the  normal  field  probe  which 
is  not  yet  as  good  as  for  the  tangential  field 
probe. 


AIRPLANE  FASTENERS 


Some  initial  measurements  have  also  been  made 
on  flaws  in  titanium  airplane  fasteners,  provided 
by  K.  J.  Law.  The  longitudinal  seam  type  of  flaw 
(Fig.  IS)  was  easily  detected.  They  were  esti- 
mated to  be  8-10  mils  wide  and  5 mils  deep  anu 
gave  frequency  shifts  in  the  range  of  6 to  9 MHz. 
The  shear  head  cracks  were  not  detected 
because  a pronounced  step  at  the  crack  edge  made 
It  Impossible  to  traverse  the  crack  with  the  type 
of  mounting  arrangement  used.  It  is  not,  appar- 
ently, a difficult  problem  to  solve  but  further 
study  of  mounting  and  scanning  techniques  will  be 
required. 
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Fig.  1 Ferromagnetic  resonator  configuration 
featuring  in-plan  dc  magnetic  bias  and 
rf  coupling  loop. 


It  has  been  demonstrated  that  the  YIG  ferro- 
magnetic resonance  probe  is  capable  of  easily  de- 
tecting flaws  of  practical  Interest.  Neverthe- 
less, the  work  to  date  is  still  very  exploratory 
in  nature  and  more  detailed  calibration  and  com- 
parison with  theory  will  be  required  to  accurately 
establish  the  limits.  More  complete  measurements 
on  loaded  and  unloaded  fatigue  cracks,  as  well  as 
on  fabricated  slots  of  dimensions  smaller  than  the 
probe  will  be  required  for  this  purpose.  In  ad- 
dition, the  theory  needs  to  be  extended  to  allow 
for  the  effects  of  material  and  contact  losses  in 
cracks  and  to  explain  the  difference  in  behavior 
of  open  and  closed  i ricks.  Further  parameters  to 
be  investigated  are  the  influence  of  oscillator 
noise  and  lift-off  fluctuations  on  the  ultimate 
detection  sensitivity  and  the  effect  of  probe 
geometry  on  depth  detection  capability, 
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Fig.  2 (a)  Spatial  lourier  eddy  current  dis- 

tribution spectra  for  an  extended  and 
localized  ferromagnetic  probe. 

(b)  Relative  depth  sensitivity  func- 
tional for  above. 
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fig.  4 MeasurtMuents  of  cracks  In  aluminum 
samples  using  passive  probe  with 
field  tangential  to  surface  and 
parallel  to  face  of  crack.  Operat- 
ing frequency  was  3600  MHz. 


fig.  7 Measurements  of  cracks  In  aluminum 

samoles  using  active  (YIG  oscillator 
TOR)  probe  with  field  tangential  to 
surface  and  parallel  to  face  of 
crack  operating  frequency  was  1900 
MHz. 


fig.  5 Measurements  of  cracks  in  aluminum 
samples  using  passive  probe  with 
field  tangential  to  surface  and  per 
pendicular  to  face  of  crack.  Oper- 
ating frequency  was  3600  MHz. 


Fig.  8 Measurements  of  cracks  in  aluminum 
samoles  using  active  (YIG  oscillator 
tor)  probe  with  field  tangential  to 
surface  and  perpendicular  to  face  of 
crack.  Operating  frequency  was 
1900  MHz. 
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DiriHlalKI  lINCTH  liillil  OICUUH  TO  lAa  Q CXACK  IMHil 


"Opetr"  crack  measurements  taken  using 
passive  probe  operating  at  3600  MHt. 
"Closed"  cracks  measured  using  active 
{VIG  oscillator)  probe  operating  at 
1900  MHt.  field  Is  tangential  to  sur 
face  In  both  probes. 


fig.  12  Spring  loaded  scan  mount  for  YIG  probes 
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fig.  10  Detection  of  an  open  crack  using  a 

spherical  ferromagnetic  resonator  with 
normal  DC  magnetic  field  bias. 


Data  from  steel  sample  using  passive 
point  probe  with  field  noimvil  to  sur 
face  at  a fi'equency  of  IbOO  MHi. 
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fig.  11  Detail  of  the  mlnlaturlted  probe  with 
normal  DC  magnetic  field  bias. 


miouiNCY  SHIFT  imn;i 


FTg.  14  Frequency  shift  over  steel  as  a func-  Fig.  15  Longitudinal  seam  type  flaw  In 

tion  of  lift-off  and  distance  from  titanium  airplane  fasteners, 

the  crack.  Field  Is  normal  to  sur- 
face. Operating  frequency  was  2200 
MHt.  Data  was  taken  using  the  minia- 
turised probe  shown  In  Fig.  II  . 


DISCUSSION 


Tom  Moran  (AFML):  What  would  be  the  natural  Une  width  of  the  apparatus? 

8.  A.  Auld  (Stanford  University):  If  you  use  a good,  uniform  field,  the  line  width  is  less  than  an 
oersted. 

Tom  Moran:  What  was  the  measured  line  width? 

B.  A.  Auld:  To  give  you  an  example,  and  1 see  Chris  Fortunko  has  his  hand  up  (he  may  give  you  a better 
answer  than  I),  the  last  probe  that  we  measured  had  a 12  megahertz  line  width.  On  the  other  hand 
the  first  probe  1 showed,  the  3600  gigahertz  probe  with  two  magnets  on  the  sides,  had  a width  of 
three  oersted,  which  is,  maybe,  not  more  than  a factor  of  two  above  that  of  the  material.  You 

raise  a good  point.  You  must  be  careful  of  the  magnetic  field. 

Don  Forney  (AFMl):  Bert,  what  would  your  Ylf,  sphere  see  if  you  brought  it  next  to  the  surface  of  a 

magnetized  steel  part  where  the  strength  of  the  field  varied  from  point  to  point? 

B.  A.  Auld:  It  would  move  it  around  a great  deal.  The  frequency  would  shift.  Roughly,  it  would  shift 

about  three  megahertz  for  every  oersted  change  in  the  field.  So  it  would  be  very,  verv  sensitive  to 

these  changes  in  the  field. 

Don  Forney:  Perhaps  you  might  have  a device  that  could  measure  variation  in  field  strength  from  point 
to  point  that  might  do  a better  job  than  a Hall  device.  Is  that  a fair  statement? 

B.  A.  Auld:  It  certainly  could  be  used  for  that  purpose.  On  the  other  hand,  these  YIG  spheres  have  been 

around  for  a while  and  people  still  use  all  probes.  1 think  the  accuracy  of  a Hall  probe  is  better. 

Chris  Fortunko  (Science  Center):  I would  like  to  point  out  that  when  you  pass  the  YIG  sphere  over  a non- 
uniform  magnetic  field,  then  the  shape  of  the  line  also  changes  because  other  modes  may  be  excited 
and  that  may  be  an  indication  of  a sudden  change  in  the  magnetic  field.  We  did  see  that  at  the 
Science  Center  when  the  YIG  sphere  was  mounted  on  a substrate  with  a cobalt  lead-in  wire. 

B.  A.  Auld:  The  lines  distort  and  you  can  also  see,  as  Chris  pointed  out,  that  the  height  of  the  line 
changes.  Seeing  Chris  standing  up  there  talking  reminds  me  of  something  I forgot  to  say.  The 
tightly  closed  fatigue  cracks  that  Chris  brought  up  and  measured  with  Fllston  showed  that  with  an 
open  crack  or  slot  the  frequency  shifted  down,  and  with  a tightly  closed  crack  it  moved  up.  We 
have  no  idea  why  that  happens,  but  it  seems  to  be  something  very  significant. 

Robert  E.  Green  (Johns  Hopkins):  That  would  apply  to  a certain  type  of  crack  that  won't  be  detected  at 
all. 

B.  A.  Auld:  Nature  being  what  she  is,  I would  believe  that. 

William  Lord.  Chairman:  At  this  point  we'd  better  move  on  to  the  last  pavser  today. 
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ABSTRACT 

rhf  ttvoH  of  Chla  work  w<'ro  to  Jovolop  an  oltH't  ronia^not  ii'  Ncatterin^t  nK>del  tliat  can  bo  uaoii  to 

pr«‘Jl\'t  (bo  mli’rowavo  scat  t«‘rln^  from  a crack  in  a mt'talllc  stirfaco,  aitii  to  ovaluato  tho  potential  of 
usinx  mlcTowavo  Hcattorin^  na'asut otm'nts  to  dotormlno  tlio  Jimi'nstonM  of  tho  crack.  Tho  initial  approach 
to  (hia  problem  has  boon  to  rmniol  tho  surtaco  crack  as  a soction  of  rectangular  wavo^ulilo  shortoJ  at  on^* 
onvl.  rfiootot  leal  and  oxpon  inn'ntal  results  arc  prosonted  tor  this  case,  and  tho  potential  for  obtainlUK 
a qu.intltativo  «*va  1 u.il  i«)n  of  tho  cr.ick  diint'nsions  Is  discussed. 


lNTKi>in’CTlON 

In  tho  low-troquoncv  oddv-cu r i ont  tosllnj;  of 
nH'tals,  curit'itCs  are  causoil  to  t Ktw  in  ttio  tost 
specimen  bv  placing  U in  the  iiKi^nolic  field  I't  an 
Induction  ioll.  Hu-  t K'W  o\  iutienls  is  attocti‘d 
bv  tho  electrical  properties,  the  shape  ol  the  test 
specimen,  and  the  piesence  ot  discontinuities  and 
detects.  In  luin,  tlu*se  currents  react  back  on  the 
exciting  coll  and  aifect  its  imped. ince.  Tims,  the 
presence  of  .1  detect  is  determined  bv  ns»nltoiln« 
t Ite  test  coil  Impedance. 

Sui  h eddv-ciirrenl  tests  are  typical  Iv  conduc- 
ted .it  t rt'ipit'Uc  les  i> t U'ss  (h.m  I Mlt/  wht'n  it\duc- 
t li>n  tlelds  predomln.ite  and  the  elec  t ronut^nel  Ic 
wavelenitth  Is  >;(tatet  th.iti  UR)  m.  Hec.iust*  the 
w.ivelen^tt)  ot  t h«*  int  e r ri>Kat  1 n^  fields  dt‘ti‘rmlnes 
sensltlvitv  .uul  lesolution,  tin*  need  to  find  .ind 
chat  .ic  t or  i /e  snviller  and  smaller  flaws  su^tgosts 
th.il  the  use  ol  hlkther  ImK  row.ive)  Irequencles  nviv 
pri»v»‘  adv. int  .i^t't>us  lit  eddv*iurret\t  Inspection.  In 
usfii^  mictow.ive  f requeue  1 e.s , the  r.idlatii'n  fields 
.isso«  with  the  st'nsi'rs  heiotm'  an  lmp\'rt.int 

consider.it  Ion,  and  the  phvslcs  Involved  »s  host 
described  In  terms  ot  tlelds  .ind  waves.  For  ex- 
.imple,  t lu’  ettect  v»t  .«  detect  shi>uld  bt‘  tlu>u^ht  *'1 
.IS  produi  in^  .1  ch.m^e  in  the  s*  .it  I e r I n>*  of  eU’i  tro 
nwi>;netic  w.ivi'S  from  the  met.il  surtaco.  It  slunild 
also  he  noted  that,  since  the  use  of  mlciv’wave  tie- 
quenclt's  c«i\ises  the  currents  ituluced  in  the  It'st 
oblecl  ti»  t low  essentl.illv  on  the  sui  t. n o tl.e., 
t ht‘  skin  vU'pth  is  tvpU.illv  less  th.in  1 nm  at 
UR)  uMi!),  miciv>w.ive  eddv-current  techniques  .ir*' 
limited  to  surface  inspection  In 

rii«'  usr  ol  microw.ive  Irequetu  les  In  the  rany,e 
10  ti>  ID  i.U/  toi  the  detection  and  ch.ii  .»c  t ei  I za  t ion 
i*!  thin  slits  .led  ci.icks  In  rxtal  surl.ues  has  been 
studied  pi»‘v»ouslv  tn'  sever.il  w»»rk»‘r  s . ^ * Tfielr 
it'suUs  stiowcil  (h.it  p,ood  sensltlvitv  to  sm.il( 
ii.icks  could  he  id>t.itiu‘d.  li.uks  .is  sm.ill  .is  J im 
wuh‘  .ind  i-m  deep  wet*’  iletts  led.*  Iheie  w.is  .ilso 
.1  » le.it  V iU  re  l.it  It'n  between  »t.iek  depth  .ind  se.it 
teretl  eneriiv.  In  view  t lliese  enetnit  .i>;  I up.  le- 
sull-.,  wt'ik  w.is  initi.iled  In  SRl's  Keim'ti-  Meisuie- 
fm-nls  l..iboi  .itoi  v to  studv  the  use  ol  mlerow.ive 


eddv-eurrent  teelmlques  at  trequeiieles  around 
UR)  CHr.  In  addition,  development  ot  an  eleiiro- 
nkixnelie  scattering  nxulel  tor  ptedlc(ln>t  the  micro- 
wave  sc.'ilterlnp  from  a ctack  In  .1  metallii  suitavt* 
W.IS  undeit.iken  so  th.it  the  potential  ot  such  mea- 
suiem*'nts  lor  determining  the  dimensions  iparlicu- 
larlv  the  depth)  ot  a crack  could  he  evaluated. 

.\s  .1  first  appriixlnwit  Ion,  .1  crack  w.i.s  nxHlelt'd 
.IS  .1  sh't  wltli  .1  rec t an>;u I .ir  cross  section  and 
sttai>;ht  sides.  This  slmpl  1 1 leal  ion  permltlesl  the 
deve lopiTH-nl  of  an  .inalvtie  ifieory  for  the  scart«T- 
Inp.  t ri'm  such  a slot,  which  In  turn  allowi'd  stud- 
ies ot  the  relation  between  scattered  power,  crack 
dlimMislotis,  and  trcipiencv.  Tlu*  derivatlvui  ot  this 
anaivtic  th»*i'tv  is  outliiu'd  in  Section  11.  To  prv'- 
vide  .1  lest  comparison  lor  the  theory,  mtMsuiements 
were  iivule  ot  the  scatteiing  from  small  slots  ma- 
chined In  at\  aluminum  plate.  I'hesi*  t'xperlmental 
results  ar»’  pii’sented  In  Section  111,  .»nd  Section 
IV  sumiiwiiires  tho  conclusions  derived  from  this 
wi'  rk . 

idKi’i koM/u:nftu'  si'avtkrinc  fkdm 

A KKl’l'ANtH’UXK  Sl.OT 

I'onsider  .1  ! ecl.inp.ul«‘r  slot  having  lenplh  .1, 
width  h,  .ind  di'pth  d.  l‘h<>  m‘om»'trv  and  looidln.ite 
svstt'm  fi'r  this  sUu  .ire  shown  In  Fig.  1.  Tin 
t r.insmi  1 1 i«d  .ind  received  w.ives  piopapali*  In  tin* 
h.i  I I -sp.iv  o / 1) . 

The  steps  th.it  were  lollowt'd  in  the  .in.ilvsls 
.lie  sht>wn  In  Tig.  2.  analysis  Is  written  in 

liTins  ot  a slot  .idmtlt.ince,  whUh  is  .»  pai.imeler 
th.it  dept'Uils  nx'sllv  on  the  il  I mt'ns  i inis  v't  the  sh'l 
and  on  the  tiequemv,  and  onlv  sllphtlv  on  the 
im’thod  ot  I ec  I I onvipiu' t I c i nspei- 1 U>n . 

Inti'in.il  Fiehls--!!  h'.i  ■ I,  the  Ili'Kis  In 
ttie  sli't  i.in  be'  c'xptessed  in  li-rms  ot  tr.insveise 
elect!  ii  t il  ) w.ivi'puide  rK'des  having;  no  variatum 
in  the  v direction.  Sln*e  the  I. indent  ial  electric 
tleld  must  ht*  zeio  .it  t lu‘  bottom  ot  t lie  slot,  suil- 
.ible  expressions  lor  the  interior  electric  tK)  .ind 
nuipnet  li  00  tii'lds  .ue:* 
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n>* 


Fiq.  1 Rei'tanquljr  slot  qeon»'ti'y 


EXPAND  THE  FIELDS  INSIDE  THE  RECTANGULAR 
CAVITY  IN  TERMS  OF  WAVEGUIDE  MOOES  (TE 
MODES  ARE  SUFFICIENT  IF  THE  SLOT  OPENING 
IS  LONG  AND  NARROW! 


AF'PROXIMATE  THE  FIELDS  IN  THE  SLOT  OPENING 
BY  THE  APPROXIMATE  SOLUTION  FOR  A NARROW 
RECTANGULAR  APERTURt  IN  A METAL  SCREEN 

1 

r 

MATCH  THE  INTERNAL  FIELDS  TO  THE  FIELDS  IN 
THE  SLOT  OPENING  SO  THAT  THE  COEFFICIENTS 

OF  THE  WAVEGUIDE  MOOES  ARE  EXPRESSED  IN 
TERMS  OF  THE  MAGNITUDE  OF  THE  FIELDS  IN 

THE  SLOT  LTPENING 

- 

DEFINE  AND  CALCULATE  A CAVITY  ADMITTANCE 
AND  A RADIATION  ADMITTANCE  FOR  THE  SLOT 

' 

RELATE  the  SCATTERED 
THE  RECEIVER  TO  THI 
THE  SLOT 

POWER  MEASURED  AT 
total  ADMITTANCE  OF 

Pia,  Steps  in  the  ttiponetiral  .inalvsls 
of  slot  scattprinq 
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Y . 1 a 1 (ka)  (_ki*/2) 

' ^ '■()  sin^  (ka/4) 

^ 1 <'"> 

n-1,  i,S  tanh  (r^d^ 

This  expression  holds  for  the  frequency  range 
0 ka  ■ 3n.  Note  that  for  ka  • n , 

tanh  (r^d^  -*  (pja^^  tan  (11) 

where  « jB|. 

5.  fcidiat ion_  Admi t tance--From  Appendix  A,  the 
radiation  admittance  of  the  slot  aperture  can  be 
written 


a D 

'■hV  * / ‘'x/  ‘‘V  (^,  X mJ  • (-aj  (l^) 


where  Pjj  is  the  average  pow€*r  available  from  the 
source.  Assuming  plane-wave  excitation  and  substi- 
tuting (5)  and  (A-6)  into  (15),  one  obtains  the 
result  that 


HV  4P 


Since  by  definition. 


dx^  dy  (f:  X ^ 

Assuming  an  aperture  field  of  the  form  given  In 
(5),  Rhodes^»^  has  calculated  this  radiation  ad- 
mittance for  the  case  kb  <<  1: 


HV  4P  Y 
s s 


For  the  particular  case  of  plane-wave  backscatter- 
Ing,  the  currents  can  be  written  explicitly  as 


I„  * 2H-a*sin  0 
n U 


■ 7 jCin  (ka) 

Ib^in^  sin  (ka/4)  | 

(13a) 

+ [Cin  (ka)  - 1/2  Cln  (2ka)]  cos  ka 
- (Si  (ka)  - 1/2  SI  (2ka)J  sin  kal 


Si  (ka) 

16Tq  sin  (ka/4)  | 

(13b) 

+ (SI  (ka)  - 1/2  Si  (2ka) 1 cos  ka 
+ (Cin  (ka)  - 1/2  Cin  (2ka) 


* 2HQa*cos  0 


where  Hq  is  the  magnitude  of  the  magnetic  field  in 
the  incident  plane  wave  at  z * 0,  and  0 is  the 
angle  between  Ey  and  the  y axis.  The  incident 
magnetic  field  at  the  slot  is  related  to  the  avail- 
able power — i.e.. 


0 s s 


where  Kg  must  be  determined  by  calibration,  or  per- 
haps by  theory.  Substituting  (19)  and  (20)  into 
(18)  gives  the  final  result 

2 

K a sin  29 


A 

in  (x)  - f 


Cross-Polarized  Scattered  Power~The  cross- 
polarized  scattered  power,  Phv*  Is  given  by 


HV  '‘HV 


|r„vl  • 


. / du  . 


Equation  (13)  differs  slightly  from  that  given  by 
Rhodes  because  of  the  differing  definitions  of 
voltage  (see  Eq . (A-6a)l. 

Cross-Polarization  Scattering  Coef flclent-- 
Assume  that  the  slot  is  excited  by  an  illuminating 
mode  designated  by  subscript  V,  and  that  it  is  de- 
sired to  calculate  the  energy  scattered  into  an 
orthogonal  mode  which  is  designated  by  subscript  H. 
In  Appendix  B it  is  shown  that  the  relevant  scat- 
tering coefficient  is  given  by  the  expression 


Substitution  of  (21)  into  (22)  gives 


K ^ a‘'  sln^  26 


'’hv  - 


It  Is  convenient  to  calculate  the  following  nor- 
malized power: 

‘ itf  ■ 
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Por  thf  long-wavoltMigth  (RavU*l>!.h)  rev;lou 
{kj  --  ’I)  |y^.|  " Iy^I,  so  (J<i)  bofiiiws 


about  tbf  sarot'  ilittx'uslon  as  iht*  slot  length.  This 
elt'ect  is  a nvini  fest  a t ion  of  the  tact  that  the 
eleotroiikignet  Ic  fields  do  not  propagate  Inside  t he 
slot  in  this  frequency  region,  and  so  thev  cannot 
fully  penetrate  a deep  slot. 


sin  JKa_/4_) 

(ka/n)^  cos^  (ka/2) 


tanh  (nd/a) 


Equation  (24)  is  shown  plotted  In  Fig.  3 as 
a function  of  normalized  frequency,  0.3S  - ka/n 
^2.1,  for  a/b  • 10  and  0.1  ^ d/a  - I.  The  reson- 
ant nature  of  the  scattering  Is  evident  for  ka/n 
> I,  particularly  for  the  deeper  slot.s.  Resonance 
occurs  when  the  net  tTwigitetfc  energy  stored  in  the 
cavity  balances  tlie  net  stored  electric  energy  out- 
side tlie  aperture.  The  difference  in  scattering 
cross  section  for  slots  of  different  depths  is 
greatest  in  the  resonance  region.  However,  the 
cross  section  is  a multivalued  function  of  slot 
depth  at  a given  frequency;  consequently,  a scat- 
tering mt*asurenH.*nt  owide  at  one  frequency  is 
amb iguous . 
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NORMALIZED  FREQUENCY  — ka/n 

Fig.  3 Cross-poUrlzed  scatterina  from  a 
rectangular  slot  versus  freouency 
(Resonance  region) 

In  the  long-wavelengtii  (R.ivlelgh)  region,  the 
scattering  is  much  snviller  than  In  the  resoiiance 
region,  hut  the  scattering  cross  section  Is  a nu'n- 
atonlc  fvmctlon  of  slot  depth.  .\  plot  of  Fq . i2S) 
which  illustrates  this  behavior  is  shown  in 
Fig.  4 for  0.01  i k.i/  - (>.  I and  O.l  ^ d^a  ^ I.  It 
c.in  be  seen  from  Fig.  4 that  the  sc.iltering  bo- 
cottH’s  insensitive  to  slot  depth  when  the  tU*pth  Is 
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Fig.  4 CrosS'polari zed  scattering  from  a 
rectangular  slot  versus  freouency 
(Rayleigh  region) 

FXI'KKIMKNT 

Examination  of  the  iheorv  outlined  in  the 
previous  section  shows  tlnil  it  one  knows  the  Ji- 
nKMisions  a and  b of  the  slot  cross  section,  .ind 
tlu'  calibration  constant  n^K^sin  2-‘,  it  should  be 
possible  to  vletermlne  llu*  slot  depth,  d,  from  a 
nuMSurenviU  of  This  possibilitv  was  tested 

using  the  microwave-backscat  t er  nu'asui tMiK'nt  svsteir 
whose  schenvUic  diagram  is  shown  In  Fig.  5. 

This  system  uses  an  orthonH>de  coupler  to  discriir- 
Inate  against  copol.irized  backscalter,  .uul  a 
supi*rh«’tt*rodyne  detection  svsti*m.  Tlie  IK  attt*nu- 
ator  (IF  frevjuencv  • 400  Mli/i  permits  pjicision 
me.isu rement  s to  be  nvule  of  changes  in  backsv  at  l et  ed 
power.  The  antenna  used  was  a lens-focused  horn 
with  a bo.a"'wldth  at  its  focal  point  of  about 
l.S  mm  at  the  oper.Uing  t'requencv  of  100  OH.*. 

An  .ilumlnum  pi. tic  with  six  slots  ot  ditti’icnl 
si/es  elect  lodiscliarge  nvuOiined  into  its  surt.u'e 
wis  prepared  according  to  the  lavont  shown  (n 
Fig.  b.*  Slots  1,  2.  and  ' have  .»  cro.ss  section 
(a  \ b 1 k' t (1 . I in.  X 0 . 0 1 0 in.  ( 2 . S mm  \ 0.2'' 
mm);  slots  •« , .nui  n h.jve  .i  cross  section  of 
0.0*»0  in.  X 0.010  in.  (1.2S  nm  x 0.2*'  mml . Thus, 


This  lest  plate  w.is  prepared  under  the  direction 
ot  Or.  0.  b\u*k  of  the  Rockwell  Int  ernal  i ona  1 Sc  I 
i’nee  ('enter,  TIu'us.ind  i\»ks,  ('.» I i t orn  ia  . 
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Fig.  5 Microwave-backscatter  ineasurement  system 


(b)  100X 


Scannitiq-electron  micrographs  of 
Oow-Corning  RTV  (Type  E)  replica  of  slot  No 
(a  = 2.5  nn,  b = 0.25  mn,  d - 0.25  mm) 


ALUMINUM  PLATE 


The  roundness  ol  Che  bottom  ol  the  slot  can  be 
clearly  seen.  Bv  nK‘asurin>i  the  tma^;e  In  the  photo- 
graph sliowing  the  ed^e  view  of  the  slot  7(hll 

the  actual  depth  of  the  slot  (for  example,  to  its 
deepest  point")  can  he  determined.  Sirilar  scan- 
nin^;-elect  ron  mlcro^raplis  for  slot  no.  1 (the 
largest  slot!  are  shown  in  Fig.  8.  In  this  case, 
the  depth  of  the  slot  was  found  to  be  10'  larger 
than  specified.  All  of  the  slots  were  examined  in 
this  way. 


100  k 0010 
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SLOT  3j 


SLOT  t 


SLOT  4 SLOT  5 


SLOT  6 


0 050'  k 0010' 
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SCAN  AREA 
13”  X 4”) 


Fig.  6 Layout  of  slotted  aluminum  plate 

(Slots  are  aligned  in  the  X direction) 


a/b  ■ 10  for  the  first  set  of  slots,  and  a/b  ■ 5 
for  the  second  set  of  slots.  Also,  at  100  OHn, 
ka/i  ■ 1.7  for  the  first  set,  and  ka/n  - 0.85  tor 
the  second  set.  Finally,  slots  I and  A were  sped 
fled  to  be  O.OlO  in.  (0,25  mm)  deep,  slots  2 and  5 
0.020  In.  (0.5  mm)  deep,  and  slots  I and  6 0.040 
In.  (I  mm)  deep. 


Actually,  the  elect  ro-dlschar^e  m.ichlnin>*  pro- 
cess does  not  produce  slots  with  a flat  bottom,  nor 
can  the  desired  depth  be  achieved  perfectly.  To 
see  the  shapes  of  the  slots  and  measure  their 
depths,  replicas  of  the  slots  were  nvide  bv  filling 
the  slots  with  a rubbery  compound  (IX^w-Cornln^  RTV- 
Fype  K)  and  pe«*llnK  it  off  the  plate  after  (hi*  com- 
pound had  set.  Scannln>;-electron  micrographs  o! 
th»'  replica  of  slot  no.  I are  shown  in  Fig.  7, 


8 Scanninq-eoectron  micrographs  of 

Dow-Corninq  RTV  (Type  E)  replica  of  slot 
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Ihf  tTHMsiiroU  rross-po  1 ar  i z»h1  powi-r  backscat- 
t**r»'d  t r*»m  tlu*  slots  (tlu-  slots  wt-ro  orli-ntt'd  at 
4*S‘’  to  iht*  iiu'ldont  olootrii'  tlold)  Is  shown  as  a 
tuiutlon  of  bt*am  position  in  Figi.  9 dnd  10 


at  its  focal  plant*  usin^*  an  open-ended  W-band  wave- 
guide sampling  antenna,  and  this  pattern  Is  shown 
superimposed  in  Fig  9 for  comparison.  The  beam 
pattern  appears  about  twice  as  large  as  actual 


Fiq.  9 Cross-polarized  backscattered  power  from  slotted  aluminum  plate  versus  beam  position 


SLOT  6 


0 1 2 3 

INCHES 


Fig.  10  Cross-polarized  backscattered  power  from  slotted  aluminum  plate  versus  beam  position 
(Oain  increased  by  a factor  of  4 over  that  used  on  Fig.  9) 


Figure  lO  is  i ht  same  .is  Fig.  9 except  that  tlic 
g.kin  in  Fig.  10  wa.s  iiu  reased  i>y  .1  factor  ot 
so  tfi.it  the  nvignitude  of  the  s i gna  I -C<i-c  I ut  t r 
r.itlo  wcMilil  he  nnire  evidi'nt.  z\lso,  the  beam  pat- 
tern of  the  focused  Interrog.u  i ng  he.im  was  me.isuri'd 


siz‘-  hocause  it  is  produce'  bv  convolution  witli  the 
relatively  largo  sampling  antenna.  In  anv  event, 
since  the  actual  beamwidth  is  larger  th.in  the  slot 
cross-sect ional  dimensions,  the  microwave  C scan 
does  not  reproduce  the  detailed  shape  ot  the  slot 


1 


ELATIVE  AMO^ITuOE  PE-ATIVE  amplitude 


sltii.tttoi)  wilt'll  out-  w.inl  s lo  tU'tliut'  t hi'  ';)«•(  ilopth 

liiMTi  .1  riin>;lt'  iiH-.irtui  I'liu'iit  «i|  -u  .1 1 ( t' I i ii)(  I loss  -.I't 

I i.‘\\ . 


A i|u.-in(  ( ( .!(  t vt'  iiio.istiit'  1*1  I hi*  s>  .1 1 ( I- 1 i ti>^ 
tii*s*i  'ii'*  t ion  tt'i  llvo  o|  {hr  sis  w.i'.  o!' 

I.ilni'il  hv  tir  t r I m t u t n^  I hr  |*t'.ik  v.i  1 ui*  ol  (hr  h.it  k 
'.t.ltlrirtl  powi'l  |»l»uhiir.l  hv  thr-.r  ‘iltM*.  Irl.illvr 
( t»  th.it  piotluii'tl  hv  (hr  l.ii).p'sl  s|o(  {••lot  i>.  In 

othri  woitl;.,  i w.is  n*«r«i  .is  .1  iririrnrr  ''k.it 

triri  Of  "‘i  t .nnl.i  I «l . " Phot  .*j,'.i  .iplis  slniwlilK  |‘r.ik 
irl.it  ivr  h.ii  k itit'irii  powrt  vi'istr.  hr.iiii  p«'-.i(ion 
lot  .ill  s I It  s 1 1'  I .‘I  .It  r shown  t n f i i| . M . 1 1**' 

irl.it  ivr  vnlttrs  ol  t hr  pr.ik  .imp  t 1 ( ii>(r '•  .ii  r in«ii 
c.itr.l  in  I hr  Itmiir.  Klgiiir  11(h)  w.l*.  »»hl.llnrtl 
with  (hr  y.iin  lin  tr.i-.i>il  hv  / till  ovri  (hit  ir.rtl  to 
i>h(  .1  i n III].  1 1 ( it ) . It  I .in  Im'  srrn  in  III).  ] ] 

(h^  tint  (hr  .nwillr**!  slot  ('ilot  s ) pio«hiir*i  .i 
-ilyn.il  whose'  .imp  I ( ( iiilr  ts  t>n  t hr  tMilri  o<  th.it  ol 
(hr  . Iiiltri  ( yn.l  I . rhi“ir  tl.it  .1  wr  t r ( .ikrii  without 
rsprnJlny  .inv  rtloit  to  iiiipit*vr  tin-  '.lyii.il  to 
• i lit  I r 1 I .It  1 1>  1 1<  I I hr  *1  v*< t r III . 


m)  Kn'n  • W.  n/h  - 10 


HUATIVf  HI  AM  POSITION 
(a)  SLOT  NOS  3,  2.  1 (IF  ATTFNUATION  - 10  dB) 


.10  .'•>  ;o  1h  U)  h i' 

NlHIMAn.’l  0 MAl’KSOAt  U Ml  l»  POWI  M itH 


(b)  kn  1 - 0 8!>  « b - b 

fill  1.'  Nopma  1 i /t*il  slot  iloptfi  vtM'siis 

tiOPiiu H ;»'<(  I'.ti  ksi  At  (pfoil  (H'Wf'P  • I ompAf  t son 
of  (fif'orv  Atilt  onpor inn'nt  (RolAtivo  to 
Mot  .1) 


RFlATiVf  BFAM  POSITION 
(b)  SLOT  NOS  6.  B.  4 (IF  ATTFNUATION  - 3 itH) 


A toiiip.i  I t ‘..Ml  t'rtwrrn  t hrt'i  v an. I r\|»riinirn(  t •• 
shown  in  tiij.  I • Sin.r  I lir  t»h|i'.  tivr  t*l  tin* 
mr.isnt  riiirnt  i lo  ilrtrinilnr  sK'l  tlrpt  h {.I'.'.nnii  ny  .i 
• Mul  h .11  r kiU'wiO,  (hr  noim.i  I I .'r.!  sl»it  tirplh  I •• 
plotli'tt  .1'.  .1  Innrtion  .»(  lUM  nui  I 1 .*('tl  h.i.  k .i  t t r t r.l 
powri  (irl.it  ivr  t»i  sK't  O . I'lyiiir  l.'(.ii  sh»«ws 
(hr  .iht'vr  I c**i»Mi.in«  r r.isr  wlirir  k.i,'*i  - 1./  (‘.liO-.  I 
an«l  .*).  I'hr  niii  1 1 I v.i  I in'*!  n.iluir  (hr  ( liroi  r ( i . .i  I 

riiivr  pii'i'tiKir*.  ohi.iininy  an  iin.imh  t yinnr.  v.iliir  I.m 
slot  ih'plli  in  this  I I I'lpH'nk'V  tlnir*.  -iKo  Iriu-.th 
i.inyr.  iiowrvri,  in  (his  r\prilnirnl  the-  sl.’l  tirptlr 
air  kiii'wii,  SO  till*  rspri  liiirnt.il  .I.K.i  t'.in  h - plotlrtl 
a*;  in  I hr  (iyiiir,  ttu  »-i'nip.ii  i '.on  with  I hr  tlu'i'iv. 
riir  nir.isiiii'tl  v.iliir'i  ( I n«  liitliny  rlnttri)  .ii«-  sh.’wn 
it'nnrt'tnl  hv  a .i.i'jhril  I i nr  . I'hr  mr.isnirtl  v.ilur'i 
of  h.-ii  k.'it'at  ( c'i  r«i  powri  air  .ihtMit  .ih  I.iiyri  ( h.in 
till*  t hr«>l  i*t  I t'.l  I X'.-lltir'i,  hill  (hr  '.lopr  t'l  li.lt.l 
.lytri'M  wr  M with  (liri»iv. 


f ji|,  II  AmpHtoilo  Vl'pstis  hiMm  position 

showinq  poAk  vaIuos  of  hAckscAt  tt'mt 
powor  (RolAttvo  to  Slot  .1) 


in  yrnri.il,  (hr  rliiltri  is  » oiiip»*sr«l  ol  .i  » »'in 
hin.itlon  «i|  Inroln'ii’nl  (iiol'iri  •t(yn.il*«  .iiul  rohri 
rnl  Irak.iyt*  'ilyn.il'..  Jh'iiitrs  ol  tohririil  Ir.ik.iyr 
•I  ( yn.i  I *1  .iir  lo«-.i(r»l  hoth  iirii.lr  .iiul  inil'il.lr  t hr 
iHi'.i'Jiii  rim'iit  .•ivstrm.  I'hr  woist  r.i'ir  i»rt  ni  *1  whrn 
• ill  ol  till*  rliittri  i •<  ..•lirii'iit,  s i n.  r I hr  rlnttri 
s i yn.i  I r.-in  ( lu’n  rilhri  .itl.i  to  oi  'nihti.n*!  I t tiiii  t hr 


\>.n  V (iV.n  )\  \\  Ihr  >>.<«  V *4«  ,«i  ( «m  |h  K(n.<M. 
.t*«  t hr  hrlrv  i r«*i'n.ni«  «'  . 


• Irslttsl  s I );U,i  I . Ihr  tU  r*'  o!  «.  I'lu' l r V U» 

r*!  » lutlrl  iH  lUM  but  t tvMirupriti 

uit.  rti.itniv  tu  t hr  HMMMUtt'tl  li.H ,»  ( h.M 
t m II  t hr  » 1 uM  r t I'hKr  t v r»l  In  l h I •«  ».»*»»’  ( h*  »• 

Mu  tut'')  wi'ir  rt\ll)rl\  <\'h«-|t'tU  Im  InilU.ilnl 
iw  Mvj.  It*  h.u  >•  kli.iwn  (htou^l)  I ht 

i'«r<t;<nt  rtl  thil.i  poIntH.  Il  * .in  hr  «*‘rn  ih.it  th*  ir 
Hutting  nniriinintv  I**  tjnltr  I. »»►’*.  <*n  t hr  r(hii 

h.in»l,  li  I hr  •m-.i‘«ni  t'kl  ilnll*‘i  uiir  rinupoMrtl  rn 
( 1 1 f*  I V ( nr  I Hi' , t hi  I I vu*  \ .<  I lu*  v »*  ( t In*  mo.i  wn i r»| 
h 4r  k Nr.l  ( t r I ril  prwn  wrnIJ  I'lils  hr  mivillrt 

th.in  I hi’  rhsrt  v«*<f  r.tliit’s.  M Is  . Imr  lti»in  lh«»Hi 
irsnl(>.  th.it  I I'Urt  rut  •ihi'nUI  hr  wln\i»l.r»\ 

.«•<  mill  h .Is  prMsIhlr. 

Ih»'  hriru-  trsr».tn<i  i. !*•»',  whrjr  ki 
tsli'ts  I,  ' , .iiul  Ih  Hhrwn  In  I UJ . l.'U')  lit 

1 h i *«  I hr  thmrtit.il  . ni  vr  Is  n*M  mnltlv.il 

n»*«l,  sr  tiu'tr  Is  .1  rnr  tr  *'nr  i r 1 .u  l»'n»ihl|'  hrtv«'rn 
Ht.itltirtl  iH'wn  .nul  slol  lU'i'lh.  \>;.iln,  I hr  i'hm 
Miiir^l  itil.i  .Hr  Hhrwn  mnu'i  I r*l  hv  i il  ishr*!  linr, 

.m.l  t hr  tMiri  li.iis  stiow  I hr  nn.  rit.iiniN  In  I lir  in»M 
miir»H‘nt  tli.il  wi'iiUI  r\tHt  i|  t hr  rhsri  vi'il  ilnllri 

vi'lirirnt.  Ihr  tl  t i r'p.im  \ hrtvvtn'n  thrvMX  mil 
rvp«‘il»m*nt  Is  l.n>^rt  In  thin  » r.i';  t hr  iinMHnvr\\ 
x.ilui's  rl  h.i«  k S(  .It  I r 1 tvl  jsnvrt  .ii  »•  .ihrul  ? till 
I.Hfti-l  th.in  Ihr  1 h»*tM  r t it  .1 1 V.llur-s  This  illMtl.'p 
.lUt  V t t'n  I tl  hr  t hr  trsnit  rl  In.irtui.n  Irs  In  t hr 
lhi'\M\  . .iiisi'tl  Iw  .1  l.illni*'  t*>  s.itlslv  t hr  ippit'sl 
rtwil  It'n  I t'n«l  1 1 itMiH  !•' . lit . , I h Is  I is*  s»ii.i  M » | hr 
htM  t »n«  t'l  t hr  K Km  Is  iininilrtl,  rit  .is  wt  ll  .m 

h»*ln>;  t.insrti  hv  mr.isni  t'mrni  l n.u  rt  i .n  I r s |M*nhiittl 
hv  thr  It’wri  -ili^nil  I.'  .lntlt*i  i.itit's  .isstt,  |.»t  r,{ 

with  ^h♦•sr  sttmllri  -.ItM'-.  M In  t nt  r t t'st  I n>'.  It' 
nt'lr,  hruf  vri  . (hil.  .i^.mi,  I h»*  sit'pr  »'|  (In'  »l.il  i 
.i^irt'M  vvrM  It  It  h llit't'iv.  In  .iiu  rvrni  . Ihr  th  • 
itr\'.tnv\  In  this  I*.  I .n  \;r  t'ni'n^h  it'  pt  •vr.u 

I ht‘  ilr  t r 1 ml  n.i  ( I t'n  t'l  sltM  ,U'pth  It'  t r.isi'n.ih  1 r .n 

t II I It  V us  I It  ^ till'  'm'.is'tl  t I'tl  (t.l  t .1  .Hill  r h«'t'  I V ilr  Si  I I hr.l 

In  ihls  p.ii'ri,  Vhr  t|n.inl  1 1 .il  1 \ r tU' t r i iti|  n.i  I 1 t'n  t*t 
slt»i  th'pih  lirm  jiilt  I h.nksiuitrt  i»»i'.isn»  rr’rni  s 

will  irtjiilir  I I'lpt  rvt'mrnl  K In  ht*lh  ihi't'iv  .nnl  «ir  i 
sni  ruM'Ul  I r.'hn  ( tjur  . 


I\  M'MM.Vin 

An  .ipp  1 r\ l m.it  r Ihri'ix  It't  tin'  r 1 1 . t i t'i*vi  tpir  i I . 
tit'SH  pt’ l.i!  I /t'tl  pt'w.  I h.irksi  -It  I I'l  I’tl  lit'iM  .1  irtt.in 

Vi.nl  . H hU'I  h.\H  th'v  »•  I tsprti . Vhln  Ihrt'iv,  Ihi'uv.h 

.ippi  t'N  Im  I!  , irvi'.ils  ill  .»!  thr  rsst'nii.il  It'.itmr-. 
r>t  thr  h.ti  kwr.il  I ri  InK  .is  .i  linn  tlt'n  rt  I i rtjui'nt  \ 

.linl  nl.'t  tl  I im'ns  It'iw . It'i  I'S.implr,  whrn  ihr  •\\^{ 
lrn>tlh  Is  vtit'.Hri  th.in  t'ln'  h.ill  w.irr  I mj^l  h . rrst'n 
.lilt  rn  t .in  t't't  ti)  , m.t  this  slln.it  {t*n  lo.ikt's  t ht'  >lr 
t r I ml  n. It  It'll  t'l  slt't  ilrpth  lit'iii  im'iMiit'il  h.nkst.ii 
Iriril  pi'w»M  .imh  I »*ni'ns  . Kt'i  •mi.illri  sltU  li'ni^tln;. 
ltiri«'  IS  .1  t>nr  1 1'  t'nr  irlitti'n  hriws'rn  sit't  tlrpth 
•liul  I'.it  k Si  .1 1 I r I rtl  pt*\t't'i  , hut  I In'  .imp  I I I inlt'  t'l  ihr 
h.it  ksi  .It  t r I rtl  riiri^v  Is  sm.iMt'l  .iiitl  sl«'t  th'pl  hs 
Ih.tl  .iir  ^tr.Kri  th.in  I'lit'  trn>;|h  nr  iit'l  wi  I 1 

I t'Hit  I VVtl  . 


M t ,in  hi  rt'in  1 »uh*t1  th.il  thr  p«t(rn(i.il  I’l  r!* 
t.ilnni)!  .1  tpi.ml  1 1 .11  I V I-  th  t r t mi  n.i  t I I'll  t'l  . i .n  k tlrplh 
I 1 mi  Msnirmrntw  t'l  mltit'w.ivr  h.it  kst  .it  ( t'l  in  t hr 
hrlt'w  irst'ii.iinr  it’>{li'n  ih't's  rvist,  hnl  th,»t  Inithri 
wt'ik  |h  nrt'iit  li  («'  Impit'Vt’  (In'  thrt'iv  .niil  tin  itw.i 
sntr>'H'iil  Irthliltpn.  In  p.iilltiilni,  thr  thr.'iv 
Hht'iil.l  hr  rstriulril  Ir  nit.ninf  (iM  ir.iMstit  i i .n  k 
I i It's , pii'hihlv  h\  nitlnji:  llnitt'  t'lt'UHnt  Irth 
n(>(ii(*s«  .Hiti  .(  i*N  .1  sni  rttH'Ul  trt'hni<]u(’  shiMiltl  h**  th- 
\r\t'prt\  th.it  mlniml.-rs  thr  t'hn'ivnl  ilnltti  livil 
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Sli't  \tlml  t t -itn  irnHlth'i  .in  nnl  I n i t rs  I m.i  1 vt'lnmr, 
M,  w'hi'sr  t 1 t'SK- srt  I it'ii.i  I •!  I i"rns  Imis  .i  nnl  h lit 
tin'  .s.imr  .ih  ih«*sr  ,tl  thr  sl«'t,  .iinl  ih.it  rstt'iuls  % 
ih'j'th,  liUt'  Ihr  slt't.  Appl  It  .It  it‘n  I't  t hr 
rt'vniliivi  run  rv  tin'i'it'm'  1 1'  this  vi'lnnn  vlvt'*- 
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Tochnical  dlucuKslons  tM'ld  with  Dr.  H.  A.  Atiid 
(B-lh)  Kohlnson  woro  n t*l  gni  ( leant  aid  to 

the  autlior  In  carrying  out  thla  work.  The  author 
in  .iIho  gratotul  tor  the  expoit  tochnlcai  assis- 
tance  provided  hy  Mt'ssrs.  P.  C.  Kvant*,  R.  K.  Wannei  , 
and  J.  P.  Watjen. 

This  rpsearch  w«ts  sponsored  hv  the  Center 
for  Advanced  NOt  , operated  hy  the  Science  Center, 
Rockwell  International,  for  the  Defence  Advanced 
(K-A»i  Research  Projects  and  the  Air  force  Materials 
laboratory  under  Contract  i 3:tblS-7A-C*Slftn . 
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DISCUSSION 


Jerry  Tlenwnn  (Ueneral  Electric):  I'm  going  to  ask  two  or  three  questions.  The  first  question  Is:  What 
Is  the  cause  of  the  coherent  clutter? 

Alfred  J.  Bahr  (Stanford  Research  Institute):  The  major  cause  In  this  particular  system  was  leakage 

through  the  orthotnode  coupler  and  that  Is  being  worked  on  now.  It  is  a matter  of  tuning  that  coupler 
to  improve  Its  Isolation.  There  Is  a second  cause  that  could  be  external,  and  that  would  be  curva- 
ture of  the  specimen. 

Jerry  Tiemann:  Okay,  that  brings  me  to  the  question  as  to  whether  the  accuracy  of  alignment  causes 

clutter.  The  other  one  Is:  Do  you  think  it  would  be  practical  to  apply  this  to  the  kind  of  engine 
disk  contours  that  are  found  which  are,  in  fact,  multi-curved? 

Alfred  J,  Bahr  The  alignment  is  not  too  difficult  using  the  focused  horn.  If  you  use  a near  field 
probe  like  an  open  ended  wave  guide,  or  any  near  field  probe.  It  Is  more  difficult.  In  the  case 
of  ceramics,  which  we  have  also  looked  at.  It  Is  a very  big  problem  to  align  the  receiver  and  the 
transmitter  in  the  transmission  measurement.  In  the  back  scatter  measurement,  the  depth  of  field 
Is  several  wave  lengths  and  you  can  level  your  sample. 

I don't  have  a good  feel  for  the  level  of  clutter  caused  by  curvature  yet.  It's  something  you 
could  calculate,  but  I haven't  done  It  and  so  I'm  not  sure  what  limitations  exist  relative  to  real 
world  geometries  other  than  to  say  that  probably  the  curvature  would  have  to  be  small  compared  to 
the  wave  lengths,  I don't  have  any  better  answer  than  tnat.  That  Is  an  important  question. 

Harlsh  Dalai  (SKF  Industries):  Is  the  curvature  that  you  mentioned  the  curvature  of  the  sample? 

Alfred  J.  Bahr:  Yes. 

Harlsh  Dalai:  The  question  I have  relates  to  ceramics.  Do  you  have  any  feel  for  the  limit  of  the  depth 
of  flaw  that  you  can  detect  using  this  technique? 

Alfred  J.  Bahr:  The  depth  of  what,  sir? 

Harlsh  Dalai:  The  depth  of  a crack.  What  is  the  minimum  depth  you  might  be  able  to  detect? 

Alfred  J,  Bahr.  In  ceramics,  I don't  know  yet.  We  can  detect  voids  in  ceramics  that  are  smaller  than 
a wave  length. 

William  lord.  Cha Irmanffolorado  State  University):  Before  we  adjourn  I would  like  to  make  one  final 

corment  on  this  afternoon's  session.  I think  the  speakers  have  shown  that  there  are  some  exciting 
things  happening  in  electronKignetic  methods  of  non-destructive  testing,  both  with  regard  to  the 
development  of  new  or  Improved  techniques  and  in  the  modeling  of  field  defect  interactions. 

I have  had  a long  standing  in'erest  in  the  prediction  of  magnetic  fields  in  ferromagnetic  materials 
and  over  the  years  I've  attended  many  of  the  ARPA/AFML  conferences.  I must  say,  I have  been 
rather  envious  of  the  amount  of  progress  that  has  been  made  in  the  ultrasonics  area  as  part  of  this 
program.  I've  always  felt  that  the  research  philosophy  which  was  developed  in  this  program  was 
directly  applicable  to  electromagnetic  methods  of  nondestructive  testing  as  well,  includinq  the  axire 
traditional  leakage  field  and  residual  methods.  Perhaps  the  time  is  ripe  for  sonK»one  to  coordinate 
all  of  these  isolated  activities  into  one  coherent  program. 
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ABSTRACT 


The  Oepartment  of  tnerqy  conducts  both  applied  and  basic  research  on  nondosEructive  evaluation  The 
importance  of  NOE  is  discussed  with  emphasis  on  future  eneryy  systems.  Orqani/at ion , needs,  barriers  and 
new  developments  are  described. 


The  Nation  is  faced  with  an  enormous  task  if 
it  is  to  make  the  least  painful  transition  from  its 
current  energy  sources  (chiefly  petroleum  and 
natural  gas)  to  ones  more  abundant,  and  ultimately 
to  those  that  are  inexhaustible.  This  transition 
will  require  an  unprecedentedly  large  and  rapid 
shift  to  different,  if  not  new,  technologies. 

In  this  transition,  the  role  of  nondestructive 
evaluation  (NPE)  is  certainly  clear  to  its  practi- 
tioners, but  unappreciated  or  ignored  by  almost 
everyone  else.  It  will  not  be  possible  to  rely  on 
accimulated  wisdom  to  predict  the  safety,  relia- 
bility and  lifetime  of  the  new  components  that 
must  be  developed.  Vet  such  knowledge  can  have  a 
major  effect  on  the  cost  of  the  new  energy  systen\s, 
as  they  are  deployed  industrially. 

Within  the  Oepartment  of  Energy,  a variety  of 
programs  and  projects  are  applying,  and,  in  some 
cases,  developing  NOE  techniques.  I will  discuss 
some  of  this  work  --  typical  needs  that  have  been 
identified,  progress  that  is  being  made,  barriers 
that  have  been  encountered,  and  new  develo(>ments , 
both  in  techniques  and  in  quantitative  understand- 
ing, that  appear  of  special  interest. 

I will  first  describe  the  organizational 
framework  in  which  the  overall  program  is  carried 
out. 


The  Oepartment  of  Energy  was  formed  on 
October  1,  1977.  It  operates  with  a budget  of 
about  $10  billion  per  year  and  has  approximately 
20,000  employees.  It  has  consolidated  under  one 
cabinet  level  department  the  responsibilities  and 
personnel  from  the  former  Energy  Research  and 
Development  Administration,  the  Federal  Energy 
Administration,  and  the  Federal  Power  Conriission 
as  well  as  components  previously  under  the  Depart- 
ments of  foflinerce.  Defense  and  Interior. 

Although  the  Oepartment  of  Energy  incorporates 
many  programs  and  functions  from  other  agencies, 
it  is  not  an  amalgamation  of  existing  agencies 
with  a new  tier  of  leadership.  Instead,  many 
previous  programs  and  functions  have  been  reshaped 
to  fit  the  national  energy  policy  of  the  new 
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are  represented  in  tig.  1 
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Fig.  1.  Oepartment  of  Energy 


1 especially  wish  to  call  to  your  attention 
the  programs  within  Resource  Appi ications , Conser- 
vation and  .Kolar  Applications,  Energy  Technology, 
Defense  Programs  and  the  Office  of  Energy  Research. 
It  is  within  these  organizational  units  that  most 
of  the  research  and  develOfmient  programs  are 
located.  Except  for  the  Defense  Programs,  a 
spectrum  of  research  cuts  across  the  Department, 
from  the  most  basic  In  the  Office  of  Energy  Re- 
search, to  technology  development  under  Energy 
Technology  to  commercialization  under  Resource 
Applications,  and  under  Conservation  and  Solar 
Applications.  The  structure  of  the  Office  of 
Energy  Research  is  represented  in  Ftg.  f 
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ND[  in-situ  techniques  tor  the  examination  of 
thin  coatings  used  to  protect  interior  sur- 
faces of  components  - under  the  Coal  Conver- 
sion Division  ot  the  Fossil  tnergy  Program. 

NOE  techniques  applied  to  the  detection  of 
incipient  failure  of  drill  pipes  - under  the 
Geothermal  tnergy  Division. 

In-service  inspection  of  coarse-grain 
austenitic  stainless  steel  welds  in  reactor 
components,  ultrasonic  examination  of  primary 
and  secondary  piping  welds  in  the  Fast  Flux 
Test  Facility  and  in-service  inspection  of 
primary  system  reactor  piping  - under  the 
Reactor  Technology  Division  of  the  Nuclear 
Energy  Program. 

Adaptation  of  acoustic  emission,  ultrasonics, 
eddy  currents,  x-radiography , radiation  at- 
tenuation, neutron  radiography,  and  holo- 
graphy to  problems  of  film  thickness  measure- 
ments and  weld  integrity,  and  computer  appli- 
cations for  data  analysis  and  presentation; 
and  signal  analysis  of  NDE  techniques  - 
under  the  Defense  Programs. 


Fig.  2.  Office  of  Energy  Research 


Ot  special  interest  to  this  coimiunity  are  our 
research  programs  under  Basic  Energy  Sciences  in 
Materials  Sciences,  and  in  Engineering,  Mathe- 
matics and  Geosciences  where  fundamental  research 
on  NDE  occurs  or  will  occur  in  the  near  future. 
These  programs  are  located  primarily  at  DOE  labo- 
ratories. Additfoodl  programs  are  conducted  else- 
where (universities,  industry)  based  on  submission 
of  unsolicited  proposals. 

The  DOE  outlay  for  RAD  programs  in  NDE  for 
FY  1978  is  approximately  $S  million.  Active  NDE 
programs  are  being  conducted  under  DOE  sponsor- 
ship at  a number  of  sites,  primarily  DOE  labora- 
tories and  facilities.  Essentially  all  the 
developmental  effort  is  appl ications-oriented, 
with  the  principal  thrust  in  most  cases  being  the 
development  of  an  NDF  solution  for  specific  com- 
ponents or  prob’ems.  The  broad  scope  of  develop- 
mental activities  includes  all  the  more  tradi- 
tional methods  of  NDE  (e.g.,  radiography,  radia- 
tion attenuation,  ultrasonics,  eddy  currents, 
acoustic  emission,  x-ray  fluorescence  and  holo- 
graphy) and  limited  work  in  such  areas  as  Moss- 
bauer  spectroscopy,  positron  annihilation,  and 
neutron  scattering.  Interest  is  increasing  in 
the  use  of  computers  for  both  signal  processing 
and  pattern  recognition. 

Some  typical  applied  projects  underway  in- 
clude: 

Development  and  application  of  NDE  techni- 
ques to  flaw  detection  in  ceramic  turbine 
materials  and  components  - under  the  Power 
Systems  Division  of  the  Fossil  Energy  Program. 


Although  many  organizations  are  working  in 
the  same  general  field,  the  complex  nature  of  the 
methods  and  the  varying  application  requirements 
has  minimized  (or  virtually  eliminated)  redundancy. 
More  information  on  programs  underway  can  be  ob- 
tained from  the  various  divisions  supporting  this 
work.  A recent  compilation  of  projects  was  car- 
ried out  under  the  auspices  of  an  internal  coor- 
dinating committee  and  is  contained  in  the  report, 
"Survey  and  Analysis  of  Selected  Topics  Within  the 
Energy  Research  and  Development  Acininistration’s 
Materials  Research  and  Development  Programs, 
DOE/ET-0006,  January,  1978  available  from  MTIS. 

The  more  fundamental  NDE  work  within  DOE,  and 
that  concerned  with  quantitative  NDE  in  particular, 
occurs  in  the  Office  of  Basic  Energy  Sciences. 

The  major  NDE  interest  here  will  be  divided  be- 
tween the  two  Divisions  - Engineering,  Mathematics 
and  Geosciences,  and  Materials  Sciences.  Research 
on  detection  systems  and  computer  interfacing  will 
be  within  the  purview  of  our  new  program  in  Engi- 
neering Sciences  that  will  conmence  on  October  1, 
1978.  Work  concerned  with  materials  studies, 
especially  quantitative  predictive  behavior  and 
new  techniques  applied  to  the  determination  of 
remaining  safe  useful  lifetime  of  materials  in 
service,  will  fall  within  the  scope  of  the 
Materials  Sciences  program. 

Importance  o^  NDE  - The  growing  importance  of  NOE 
to  future  energy  systems  is  based  on  sound  and 
sophisticated  awareness  of  factors  such  as 
economics,  reliability,  environmental  effects  and 
safety.  Nondestructive  evaluation  takes  on  an 
especially  important  role  in  technology  when  the 
capital  costs  of  an  operating  facility  are  large. 
For  example,  in  the  case  of  a forced  shutdown  of  a 
1000  MWe  nuclear  power  unit,  one  day's  outage 
costs  approximately  $0.6  million  (estimate  by 
EPRt,  1975),  and  36t  of  the  down  time  is  due  to 
forced  outages.  If  only  a small  percentage  of 
these  forced  outages  could  be  prevented  by  proper 
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monitoring  and  repaired  during  normal  down  times, 
a tremenduous  savings  would  result.  The  same 
general  argument  can  be  made  for  other  capital 
Intensive  baseload  energy  sources.  The  growing 
awareness  of  the  public  In  the  areas  of  environ- 
ment and  safety  further  heightens  the  Importance 
of  NOE.  In  many  cases,  a technology  could  not 
survive  the  sociological  consequences  of  a severe 
accident.  Not  only  do  facilities  such  as  liquid 
natural  gas  storage  tanks,  nuclear  plants  and 
coal  liquefaction  plants  have  to  be  well  designed 
and  the  materials  carefully  tested,  but  a monitor- 
ing system  that  nondestructively  monitors  signi- 
ficant flaw  Initiation  and  growth  would  help  alle- 
viate both  perceived  and  actual  fears.  There  are 
new  systems  also  which  must  be  monitored  In  addi- 
tion to  being  carefully  tested  in  view  of  the  un- 
knowns. Fusion  reactors  will  be  very  large  and 
expensi/e,  and  the  technology  would  be  set  back 
years  in  the  event  of  a disastrous  surprise. 
Underground  power  transmission  systems  are  under 
development  that  would  carry  ever  increasing 
blocks  of  power,  the  ultimate  being  superconducting 
transmission  lines.  The  dielectric  breakdown  be- 
havior of  insulators  is  still  quite  difficult  to 
predict,  but  would  be  catastrophic  for  the  trans- 
mission line  if  it  occurred.  Some  methods  for 
evaluating  and  monitoring  these  new  systems  must 
be  developed  before  they  can  be  confidently 
util ized. 

Institutional  Problems  - In  view  of  the  increas- 
ing iliTportance  of  NDE , one  question  that  arises 
is:  Are  there  satisfactory  university  programs 
set  up  to  advance  the  science  and  to  train  future 
scientists  In  this  area?  At  the  present  time,  the 
NDE  area  is  a multidisciplinary  field  drawing  from 
materials  science,  mechanical  engineering,  elec- 
trical engineering,  chemical  engineering,  physics 
and  Increasingly  others  such  as  mathematics  and 
computer  science.  This  makes  the  academic  train- 
ing process  more  difficult  and  time  consuming, 
leaving  much  of  it  to  on-the-job  training.  Some 
experiments  should  be  tried  to  break  down  the 
departmental  barriers  in  order  to  see  if  benefits 
could  derive  from  a more  coherent  curriculum. 
Another  institutional  problem  facing  the  NDE  area 
is  the  problem  of  design  philosophy  that  empha- 
sizes initial  design  and  construction  of  the 
facility  rather  than  litetime  considerations.  As 
our  understanding  of  failure  prevention  increases 
and  our  ability  to  detect  the  onset  of  property 
deterioration  increases,  the  systems  designers 
should  take  advantage  of  this  new  understanding 
and  build  detection  systems  into  the  design.  More 
cooperation  between  code  formulating  bodies, 
designers  and  the  NDE  cormiunity  is  needed  to 
accomplish  this. 

■ f°r  the  field  of  energy  technology,  in 
addition  to  the  more  general  needs  such  as  trained 
personnel,  there  are  many  areas  of  need  specific 
to  particular  energy  systems.  Safety  and  reli- 
ability are  important  criteria  for  Cossil  and 
nuclear  electric  baseload  facilities.  A more 
quantitative  understanding  between  flaw  detection 
and  failure  prediction  is  needed.  This  requires 
both  a greater  ability  to  detect  flaws  of  a 
critical  size  and  defects  of  a sub-critical  size 
together  with  a greater  understanding  of  their 
effect  on  properties.  The  ability  to  continuously 


monitor  sub-critical  defects  in-situ,  under  ser- 
vice requirements  of  temperature,  stress,  radi- 
ation, etc.,  and  to  use  such  data  to  quantitatively 
predict  the  remaining  safe  lifetime  of  critical 
components  prior  to  failure  would  provide  a signi- 
ficant economic  saving. 

There  continues  to  be  a need  to  better  evalu- 
ate welds  in  all  applications,  and  to  quantita- 
tively relate  NDE  to  the  parameters  of  fracture 
mechanics.  The  area  of  radioactive  waste  dis- 
posal is  currently  receiving  much  attention.  Moni- 
toring of  waste  canisters  for  failure  may  assist 
in  solving  this  crucial  problem  for  the  nuclear 
industry.  Coal  liquefaction  and  gasification 
plants  will  contain  materials  which  have  to 
operate  in  highly  aggressive  environments  con- 
taining sulfur,  hydrogen,  carbon,  oxygen  and 
other  elements.  Monitoring  of  these  systems  for 
stress  corrosion  cracking,  hydrogen  attack  and 
corrosion  will  be  essential  to  prevent  catas- 
trophic shutdowns.  With  the  push  to  higher  tem- 
peratures in  turbines  and  heat  exchangers,  there 
will  be  a need  to  monitor  the  effects  of  thermal 
excursions,  thermal  structural  stability  and  a 
need  to  predict  remaining  life  to  fatigue  failure. 
In  the  solar  photovoltaic  area,  there  is  a need 
to  monitor  semiconductor  junction  behavior  as  a 
function  of  time.  The  heating  and  cooling  cyclic 
behavior  of  solar  collectors  will  have  to  be 
nxjnitored  for  fatigut  and  property  deterioration. 
Overriding  all  of  these  needs  is  the  requirement 
for  objective  and  accurate  interpretation  of  the 
failure  detecting  signals,  and  for  increasing 
the  signal  to  noise  ratio  under  realistic  service 
conditions.  Certainly  more  research  is  needed 
in  the  way  of  instrumentation  and  computerization 
to  take  the  human  interpretation  out  of  the  system. 
Of  course  this  cannot  be  done  without  sufficient 
understanding  of  the  role  of  defects  and  their 
influence  on  properties,  especially  a quantita- 
tive understanding. 

Exciting  Areas  - The  entire  field  of  NDE  has 
come  aMve  vn'th'new  ideas  in  the  past  few  years. 
Some  of  the  energy-related  areas,  of  course,  do 
not  require  new  ideas  as  much  as  they  require  the 
application  of  current  knowledge  to  practical 
engineering  systems.  Significant  progress  has 
been  made  and  should  continue  in  the  areas  of  in- 
strument miniaturization  for  field  applications, 
high  frequency  systems  and  circuit  designs  for 
optimum  signal  to  noise  ratios,  computerizat ion, 
theory  of  defect  scattering  of  various  probing 
signals,  and  the  relationship  between  materials 
characterization  and  predictive  behavior.  However, 

I would  like  to  close  by  mentioning  a few  new 
techniques  (positrons,  high  intensity  x-rays, 
neutrons)  which  may  not  be  carried  over  directly 
into  the  NOE  field,  but  will  no  doubt  contribute 
to  our  understanding  in  a quantitative  way. 

Positrons  injected  into  a material  eventually 
annihilate  together  with  an  electron  giving  off 
a detectable  gamma  ray.  Measurements  such  as  the 
positron  lifetime  and  Doppler  line  broadening  give 
informatiop  on  the  structure  of  the  material. 

Recent  progress  in  instrumentation  and  theory  has 
led  to  an  ability  to  observe  phenomena  such  as 
vacancy  concentrations  and  dislocation  pile-ups 
that  are  piecursor;  to  fatigue  hardening.  Posi- 
tron annihilation  has  been  shown  to  be  sensitive 


♦ 


147 


to  the  detection  of  hydrogen  embrittlement  in  cer- 
tain materials.  Hydrogen-dislocation  interactions 
and  localized  high  concentrations  of  hydrogen  are 
revealed  through  changes  in  the  Doppler  shape 
factor.  (V  U.S.  patent  (#4064438)  has  recently 
been  issued  on  the  hydrogen  embrittlement  detection 
method. 

With  the  advent  of  modern  high  energy  electron 
storage  rings,  the  possibility  of  very  high  flux 
sources  of  x-rays  and  vacuum  ultraviolet  radiation 
has  opened  new  vistas  in  materials  characteriza- 
tion. The  radiation  is  emitted  as  high  energy 
electrons  are  accelerated  with  a magnetic  field. 

A number  of  facilities  are  now  available,  one  not 
very  far  from  here,  at  the  Stanford  synchrotron 
radiation  project.  The  radiation  emitted  is 
inherently  collimated,  pulsed,  plane  polarized, 
has  a continuous  energy  spectrum,  and  exceeds  the 
intensity  of  other  broadband  sources  by  factors  of 
10^  to  10  The  Department  of  Energy  has  under 
construction  a dedicated  facility  as  an  x-ray  and 
ultraviolet  radiation  source  at  Brookhaven  National 
Laboratory  called  the  National  Synchrotron  Light 
Source.  Synchrotron  radiation  has  been  used  to 
produce  x-ray  pictures  of  thin  samples  with  greatly 
improved  resolution  compared  to  the  details  in 
familiar  radiographs.  This  x-ray  lithography 
technique  uses  a thin  plastic  film  (photo-resist) 
which  is  sensitive  to  x-rays  to  replace  the  usual 
x-ray  photographic  film.  After  exposure  to  radia- 
tion, the  photo-resist  is  placed  in  a solvent 
where  the  parts  receiving  the  most  radiation  are 
preferentially  dissolved.  The  resultant  "radio- 
graph" can  be  studied  with  an  electron  microscope 
to  reveal  detail  as  fine  as  10  nm  (lOOn).  Topo- 
graphy is  another  technique  where  x-rays  are  used 
to  image  structure  - in  this  case  the  x-rays  are 
scattered  rather  than  absorbed.  The  exciting 
feature  of  synchrotron  radiation  for  topography 
is  the  marked  reduction  in  exposure  times  made 
possible  by  the  intense  radiation.  Experiments 
have  been  performed  showing  magnetic  domain  wall 
movements  in  materials,  and  the  new  and  more 
intense  synchrotron  radiation  sources  being  built 
open  the  possibility  of  x-ray  motion  pictures  of 
dynamic  events  at  the  dislocation  level. 

The  availability  of  high  fluxes  of  cold  neu- 
trons (long  wavelength)  offers  another  possibility 
for  examining  and  characterizing  defects  in 
materials.  Cold  neutrons  can  be  used  in  either 
the  absorption  mode  or  the  scattering  mode.  In 
the  absorption  mode,  long  wavelength  neutrons  can 
greatly  improve  contrast  and  resolution  over  normal 
radiographic  methods.  This  improvement  will  be 
especially  evident  for  hydrogenous  materials 
(e.g.,  1 mm  of  plexiglas  contained  within  two 
7 cm  sections  of  steel).  Small  angle  neutron 
scattering  with  cold  neutrons  is  a new  technique 
based  on  scattering  of  neutrons.  It^can  be  used 
to  detect  heterogeneities  (10  - 1000*)  imbedded 
within  a matrix  of  different  neutron  scattering 
power.  The  scattering  technique  has  a much  finer 
resolution  than  the  radiography  method.  Although 
applications  of  the  cold  neutron  methods  are 


limited  by  the  need  to  utilize  the  few  nuclear 
reactor  sources  available,  they  offer  the  possibi- 
lity of  examining  bulk  specimens  at  resolutions 
never  before  attained. 

Summary  - The  subject  of  nondestructive  evalua- 
tion IS  nne  which  will  receive  increasing  atten- 
tion in  future  energy  systems  because  of  the 
greatly  increased  public  awareness  of  economic, 
reliability,  safety  and  environmental  issues.  Some 
institutional  problems  such  as  the  training  of 
scientists  and  engineers  and  design  philosophy 
need  to  be  addressed  for  the  proper  utilization 
of  NDE  in  these  systems.  Quantitative  predictive 
NOE,  the  subject  of  this  meeting,  is,  of  course, 
the  key  to  effective  deployment  of  NOE. 
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Our  purpose  in  today's  session  is  to  discuss 
procedures  for  developinq  accept/reject  criteria  for 
NDE  methods  of  inspection.  Many  of  the  methods  we 
will  describe  this  morning  are  not  very  familiar  to 
members  of  the  audience,  so  we  have  deliberatelv 
set  the  session  at  a fairly  leisurely  pace  so  you 
can  assimilate  these  concepts  as  they  are  presented 
this  morning.  We  would  like  the  session  to  be  re- 
latively informal  so  we  can  ask  questions  and  have 
a fairly  extensive  discussion  period.  Following 
the  talks  this  morning,  and  after  you  have  had  a 
chance  to  assimilate  some  of  the  details,  there 
will  be  a poster  session  immediately  after  lunch 
where  we're  really  asking  the  question,  "Are  the 
measurements  that  are  being  made  in  the  various 
labs  and  institutions  in  the  countrv  really  the 
appropriate  measurentents  to  fit  within  the  accept/ 
reject  frame  work  you  will  have  heard  described 
this  morning?"  Then,  finally,  after  the  posters 
are  completed,  there  will  be  a general  discussion 
whereby  we  will  all  assemble  again  to  ask  the 
question,  "Are  the  right  measurements  being  made; 
if  not,  what  other  measurements  should  he  made?" 
and  general  questions  of  that  nature. 

Since  it  is  partially  a pictorial  session  this 
morning,  I thought  it  might  be  worthwhile,  before 
getting  into  some  detailed  talks,  to  very  briefly 
acquaint  you  with  some  of  the  concepts  involved 
in  the  development  of  accept/reject  criteria. 

There  are  at  lease  three  components  involved 
in  the  development  of  accept/reject  decisions. 

There  is  the  nondestructive  measurement,  which  is 
the  area  that  most  of  you  are  very  familiar  with. 
Secondly,  one  needs  to  understand  the  fracture 
condition;  how  does  fracture  occur  from  the  defect 
that  you  have  been  measuring?  There  is  also  a need 
to  obtain  information  about  the  typical  populations 
of  defects  that  occur  within  the  materials.  Once 
one  has  acquired  information  on  these  three  aspects 
of  the  problem,  then  one  is  allowed  to  make  an 
accept/reject  decision.  It  turns  out  that,  by 
necessity,  we  end  up  with  a probablistic  form  of 
analysis.  There  are  error  functions  associated  with 
each  of  the  above  aspects,  which  require  that  the 
problem  Is  probablistic  In  character.  Further,  one 
can  develop  probablistic  accept/reject  criteria  from 
one  of  several  data  bases.  Empirical  data  can  be 
used  which  must  Include  data  on  the  three  aspects 
that  I described  earlier.  One  can  also  use  physical 
models  for  the  measurements  (such  as  the  scattering 
from  defects)  and  for  the  failure  modes  (such  as 
the  fracture  mechanics  of  the  defects).  Optimally, 
one  would  like  to  combine  physical  models  of  each 
aspect  of  the  problem  with  empirical  data  to  achieve 
the  best  possible  accept/reject  decision  making. 

Let  me  describe,  very  quickly,  before  we  get 
Into  the  first  talk,  roughly  the  sort  of  thing  that 
needs  to  be  done  In  order  to  develop  an  accept/ 
reject  decision.  The  case  In  point  Is  one  which  Is 
of  great  Interest  to  most  of  you,  i.e.,  the  case 
In  which  we  have  Isolated  non-interacting  defects  In 
the  material.  We  will  be  Inspecting  that  material 


in  some  fashion  and  trying  to  estinvite  its  failure 
probability.  It  turns  out  that,  firstly,  one  tries 
to  estimate  defect  dimensions  from  the  inspection 
process.  Secondly,  one  tries  to  estimate  from  the 
defect  diwnsions  what  the  fracture  condition  will 
be,  that  is,  what  is  the  time- to-fai lure  for  a 
particular  stress.  Thirdly,  one  needs  to  know 
(or  have  some  knowledge  of)  the  a priori  distribu- 
tion of  defects  in  the  component.  This  means  that 
one  needs  to  know  the  probability  of  a defect  of 
a certain  type  occurring  within  the  volunw*  of  the 
component  that  is  being  fabricated.  These  three 
pieces  of  information  need  to  be  appropriately 
combined  to  form  the  accept/reject  decision  base. 

There  is  another  further  thought  that  must  be 
mentioned  here.  One  can  apply  dollars  to  the  re- 
jection probability  and  dollars  to  failure  prob- 
ability . When  one  starts  to  apply  dollars  in  that 
fashion,  one  can  get  a total  expected  cost  which 
includes  the  cost  of  the  inspection  and  includes 
the  cost  of  a failure.  This  curve  will  generally 
show  a cost  minimum.  It  is  this  minimum  cost,  of 
course,  which  specifies  the  inspection  level  that 
should  be  chosen  for  your  inspection  if  dollars 
are  ultinwtely  the  important  parameter  involved. 

The  different  talks  today  will  emphasise  differ- 
ent aspects  of  the  problem.  Some  will  emphasi^e, 
almost  exclusively,  the  use  of  empirical  data. 

Others  will  emphasite,  alnxist  exclusively,  the 
physical  models  and  others  will  try  to  combine 
those  two  in  the  best  fashion  that  is  presently 
aval lable . 
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RELIABILITY  PREOICTION  AND  LITE  EXTENSION  STRATEGY 


Charles  A.  Rau,  Jr. 
Failure  Analysis  Associates 
Palo  Alto.  California  04304 


ABSTRACT 

Life  extension  of  high  cost  components  until  measurable  damage  is  detected  can  result  in  marked  re 
ductions  in  total  cycle  costs.  The  life  extension  strategy  for  turbine  disks  is  based  upon  nondestruc- 
tive inspection  to  detect  defects,  usage  and  stress  analysis  to  define  requirements,  and  fracture  me- 
chanics analysis  and  testing  to  evaluate  the  severity  of  any  defects  under  future  usage.  Because  there 
are  uncertainties  and  inaccuracies  in  the  inspection,  analysis,  testing  and  definition  of  past  and 
future  usage,  the  selection  of  the  optimum  life  extension  strategy  requires  quantitative  evaluation 
of  the  costs  and  risks  associated  with  each  uncertainty  during  life  extension.  This  paper  summarites 
recent  developments  in  the  basic  methodologies  necessary  to  quantify  reliability.  Specific  examples 
are  described  which  illustrate  the  concepts  and  payoff  possible  as  well  as  the  relative  importance  of 
inspection,  analysis,  and  usage  uncertainties  on  the  optimum  life  extension  strategy. 


INTRODUCTION 

Engineering  components  in  high  performance 
equipment  may  wear  out  due  to  fatigue  or  creep. 
Historically  such  components  have  been  designed 
for  replacement  after  a specified  amount  of  service. 
The  "specific  design  life"  is  that  beyond  which  a 
significant  number  of  failures  are  predicted  to 
occur  by  analysis,  lab  testing  and  operating  expe 
rience.  Because  however,  there  is  significant 
variability  in  the  loading  conditions  and  the 
materials  response,  most  nominally  identical  compo- 
nents could  provide  reliable  service  well  bevond 
the  "design  life",  but  all  components  are  retired 
because  the  precise  amount  of  damage  accumulation 
is  not  established  for  each.  Figure  1 shows  a 
typical  variation  in  the  actual  Mfe  of  nominally 
identical  components.  Because  so  much  of  the  use- 
ful life  of  most  components  is  not  utilised,  marked 
reductions  in  the  total  cycle  costs  would  result  by 
life  extension  of  individual  component  until  damage 
actually  develops.  To  achieve  such  life  extension 
without  reducirg  equipment  reliability  requires 
reliable  non-destructive  inspection  to  detect  de- 
fects or  damage  development,  fracture  mechanics 
analysis  and  testing  to  evaluate  the  severity  of 
any  defects  present  under  continued  operation,  and 
a quantitative  method  to  select  the  accept 'reject 
conditions  for  life  extension. 

This  paper  will  address  four  topics.  First, 
it  reviews  briefly  the  basic  concepts  associated 
with  probabilistic  fracture  mechanics  (PiM),  and 
retirement  for  cause  (RFC);  second,  it  discusses 
some  recent  developments  in  these  methodologies; 
third,  it  describes  two  specific  examples  which 
quantify  the  impact  of  inspection  and  analysi 
uncertainties  on  the  optimum  RFC  strategy;  and 
fourth,  it  summarices  progress  to  dat  • on  an 
ARPA  sponsored  project  to  evaluate  RFC  for 
application  to  gas  turbine  disks. 

BASIC  CONCEPTS 

Fracture  Mechanics  - The  conventional  approach  to 
irfe  prediction  involves  establishing  an  allowable 
design  life  at  which  all  such  components  are  re- 
moved from  service.  The  fracture  mechanics  ap- 
proach to  life  prediction  differs  from  the  conven- 


tional approach  in  that  it  acknowledges  that  de- 
fects are  present  or  will  develop  and  that  failure 
will  eventually  occur  by  the  gradual  growth  of 
cracks  until  they  reach  a critical  size.  The 
fracture  mechanics  design  approach,  therefore, 
establishes  design  allowables  in  terms  of  allowable 
defect  sizes  which  cannot  grow  to  a dangerous  size 
between  inspection  intervals. 


In  order  to  effectively  implement  the  fracture 


Fig.  1 Schematic  representation  of  the  distribu 
tion  of  actual  failure  lives  compared  to 
the  nominal  design  life  which  is  estab- 
lished to  assure  that  less  than  one  in 
1,00(1  components  develop  a crack. 


mechanics  approach.  Fig.  2 shows  the  various  types 
of  Input  required.  Analysis,  materials,  and 
Inspection  input  are  all  required.  As  In  the  con- 
ventional design  approach,  the  steady  state,  ther- 
mal, and  vibratory  stresses  must  be  Identified  at 
the  critical  locations.  The  crack  path  through 
the  structure  must  be  calculated  and  specifically 
the  crack  driving  force,  that  Is  the  crack  tip 
stress  intensity  factor,  k,  must  be  evaluated  as  a 
function  of  Increasing  crack  site.  Finally,  the 
critical  crack  size  at  which  unstable  fracture 
occurs  or  the  crack  size  in  which  arrest  of  a 
growing  crack  occurs  must  be  calculated.  These 
analytical  efforts  utilize  as  Input  certain 
materials  properties.  Specifically  the  threshold 
below  which  high  frequency  fatigue  (HFF)  does  not 
occur,  the  mode  of  crack  propagation,  and  the 
materials  crack  growth  law,  either  for  ^atlgue  or 
creep  conditions,  must  be  determined  as  a function 
of  crack  tip  stress  intensity  factor,  K,  operating 
temperature,  frequency,  and  other  loading  condi- 
tions. The  materials  fracture  toughness  must  also 
be  determined  and  used  to  evaluate  the  critical 
crack  sizes.  Finally,  the  inspection  Input  re 
quires  definition  of  the  flaw  size  range  of  con- 
cern, the  orientation  and  shape  of  flaws  of  con- 
cern and  an  estimation  of  the  probability  that 
flaws  of  various  size  exists  prior  to  inspection 
of  the  component.  These  three  types  of  Inputs  are 
combined  to  perform  the  lifetime  prediction.  For 
example,  the  number  of  cycles  to  grow  a fatigue 
crack  to  failure  (Np)  is  calculated  by  taxing  the 
material  crack  growth  law,  rearranging  and  numer- 
ically integ  .iting  from  the  initial  flaw  size  (Aj ) 
to  the  final  or  critical  crack  size  (Af)  over  the 
appropriate  distribution  of  K as  the  crack  grows. 


Fig.  Z Probabilistic  fracture  mechanics  approach 
to  lifetime  prediction. 

Probabi  1 i^t1c_  Fracture  Mechanic^  - If  each  of  the 
Input  parameters  are  assumeif  to  be  known  exactly, 
we  get  an  exact  calculation  of  remaining  life  time. 
In  practice,  however,  the  Input  parameters  are 
usually  not  known  exactly;  in  fact,  the  uncertaln- 
•ies  vary  consideiably  from  one  input  to  another. 
The  orobablHstic  fracture  mechanics  approach 
(1,2)  accepts  uncertainties  In  the  various  input 
parameters,  quantifies  them,  and  calculates  a 
failure  probability  as  a function  of  continued 
operating  time  or  cycles,  rather  than  a precise 
remaining  lifetime.  Ihe  engineering  community  has 
generally  accepted  the  fact  that  various  Input 
parameters  are  uncertain  and  that  the  probabilistic 
approach  Is  more  realistic  than  the  deterministic 


life  prediction  However,  most  design  engineers 
do  not  fully  understand  the  quantitative  require- 
ments and  do  not  have  the  needed  tools  to  actually 
implement  a probabilistic  fracture  mechanics  ap- 
proach. The  combination  of  this  lack  of  under- 
standing as  well  as  lack  of  quantitative  data 
on  the  specific  uncertainties  involved  has  limited 
the  full  Implementation  of  probabilistic  fracture 
mechanics  to  a few  Instances. 

Infection  Uncertainty  - One  of  the  key  concepts 
whiclh  until  recently  1 1m1  ted  the  probabilistic 
analysis  was  a quantitative  understanding  of 
Inspection  uncertainty  (3)  and  its  Impact  on  the 
reliability  of  thi  engineering  component.  More 
specifically,  the  Inspector  normally  establishes 
an  Inspection  level  or  sensitivity,  shown  as  b 
on  Fig.  3,  and  ideally  the  inspection  should 
locate  all  imperfections  of  size  greater  than  S 
and  1 Jt  indicate  the  presence  of  any  imperfections 
smaller  than  size  S.  In  Fig.  3,  this  is 
quantitatively  stated  as  the  probability  of 
rejection  for  various  actual  flaw  sizes  (a)  at 
inspection  level  S [P(R,'a,  S)l.  For  an  ideal 
inspection,  P(r  .i,S)  ■ 1 for  crac’  sizes  (a) 
bigger  than  S,  and  P(R.a,  b)  ■ 0 tor  crack  sizes 
a • S.  The  lypical  eddy  current  Inspection,  like 
that  used  to  Inspect  turbine  disk  bolt  holes,  is 
not  perfect.  As  shown  In  Fig.  3,  there  is  a finite 
probability  of  rejecting  components  with  actual 
imperfections  smaller  than  5,  and  a finite 
probability  of  not  rejecting  components  with  actual 
Imperfections  larger  than  S.  Two  other  inspection 
methods  are  also  shown  on  the  same  figure.  That 
labeled  A is  an  inspection  method  with  the  same 
sensitivity  as  the  typical  eddy  current  inspection, 
that  is  50*  of  the  time  it  rejects  imperfections 
of  size  S;  however,  it  has  a reduced  inspection 
uncertainty  and  more  closely  approaches  the  perfor- 
mance of  the  ideal  Inspection  which  has  0 inspec- 
tion uncertainty.  The  dotted  line  indicates  the 
performance  of  inspection  method  A when  utilized 
at  a higher  sensitivity  but  with  the  same  inspec- 
tion uncertainty. 


IMPlHFfCTIONSIZf 

Fig.  3 Comparison  of  tl.e  Inspection  uncertainty, 
characterized  by  the  probability  of 
rejection  as  a function  of  flaw  size,  for 
Ideal  and  real  Inspections. 
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Preinspei.  tion  - (Jua  I i f icj  t ion  of 

the  flaws  which  may  get  into  service  requires 
quantification  of  Doth  the  inspection  uncertainty 
and  the  distribution  of  flaws  in  the  material 
prior  to  the  inspection  14).  Deterministic  frac- 
ture mechanics  approaches  have  very  conservatively 
assumed  that  the  preinspection  flaw  frequency  is 
larger  for  each  crack  size  so  that  pn(a)  • 1 and 
the  probability  of  flaw  occurrence  in  the  inspected 
part  was  exactly  equal  to  the  probability  of  the 
inspection  missing  a flaw  of  size  a.  if  it  exists, 
which  is  one  minus  the  probability  of  rejection, 

P(R  a.  S),  given  that  a flaw  of  size  a exists. 

More  realistically,  when  the  inspection  procedures 
of  iig.  J are  applied  to  a component  which  initially 
contains  a distribution  pnia)  of  imperfections  of 
various  size  (aj.  the  distribution  of  imperfection 
sizes  after  inspection  is  modified  as  shown  in  Fig. 
4.  The  ideal  inspection  would  eliminate  all  imper- 
fections of  size  greater  than  S,  but  with  real  in- 
spections some  larger  imperfections  will  get  into 
service  and  some  components  with  smaller  imperfec- 
tion of  no  concern  will  be  rejected  and  thereby 
increase  the  total  costs.  It  is  this  orobability 
distribution  of  imperfections  after  inspections, 
which  is  the  product  of  the  preinspect  ion  flaw 
distribution  [pn(a)]  and  inspection  reliability 
[1  - P(R'a.  S)],  that  would  be  input  as  the  pro- 
bable initial  flaw  sizz  (a.)  for  a probabilistic 
fracture  mechanics  calculation  of  failure  proba- 
bility. 


Fig.  4.  The  effect  of  various  inspections  on  the 
distribution  of  imperfection  sizes  going 
into  service. 

Retirement  for  Cause  t.RfCj  - A life  extension 
strategy  based  upon  retirement  for  cause  rather 
than  removal  at  a specified  design  life,  can  more 
completely  utilize  the  available  life  of  each  com- 
ponent t5).  The  RFC  procedures  Tjy  utilize  either 
deterministic  or  probabilistic  fracture  meihanics. 
In  the  deterministic  rase,  the  non-destructive 
inspection  defines  the  maximum  flaw  size  that  could 
be  missed  and  get  Into  service;  loading  and  stress 
analyses  define  the  maximum  cyclic  and  steady 
stresses  in  the  areas  of  concern;  and  the  deter- 
ministic fracture  mechanics  analysis  calculated 
the  maximum  amount  of  crack  progression  from  the 
largest  initial  flaw  that  might  occur  under  con- 


tinued operation  at  conservative  (niqhestl  cyclic 
and  steady  stresses.  Ihe  RFC  allowables  are  then 
established  by  selecting  an  appropriate  safety 
factor  based  upon  qualitative  engineering  judqment. 

Ihe  probabilistic  approach  to  RFC  is  similar, 
but  instead  of  a specified  maximum  flaw  size,  a 
probability  of  occurrence  of  various  flaw  sizes 
IS  specified.  Similarly  instead  of  a maximum  cyclic 
and  steady  stress,  a probability  distribution  o* 
various  cyclic  and  steady  stresses  is  input,  and 
instead  of  a specific  crack  progression  curve,  the 
probabilistic  fracture  mechanics  calculation  yields 
a failure  probability  (reliability)  as  a function 
of  time.  Instead  of  a specific  safety  factor  an 
appropriate  accept 'reject  inspection  size  and 
inspection  interval  are  selected  to  maintain  a 
sufficiently  low  failure  probability. 

Successful  implementation  ot  the  probabilistic 
fracture  mechanics  approach  requires  extensive 
measurements  to  obtain  the  statistical  data  and 
develop  the  appropriate  probability  distributions 
for  the  inspection,  the  mission  loads,  the  local 
stress  concentrations,  and  the  materials  crack 
propagation  and  fracture  toughness  properties. 

Large  deficiencies  in  any  one  of  these  input  para- 
meters will  require  utilizing  a conservative  upper 
hound  and  thereby  reduce  the  life  extension  and 
payoff  which  results  from  implementing  the  RFC 
program . 

Lonpined  Analysis  - Lite  extension  errors,  which 
can  reduce  the  effectiveness  of  RFC  program,  can 
be  substantia  I ly  negated  with  a modified  RFC  pro- 
cedure which  makes  more  direct  use  of  past  operating 
experience  as  reflected  in  the  inspection  informa- 
tion to  establish  the  RFC  strategy.  This  modifU'd 
approach  is  a log. cal  outgrowth  of  a sta'istical 
engineering  nxzthod  called  Combined  Analysis  which 
has  been  developed  by  Failure  Analysis  Associates 
(5-8).  Combined  analysis  (CA)  utilizes  the  mini- 
mum amount  of  engineering  modeling  required  to 
supplement  the  routine  statistical  analysis  of 
actual  in-service  data  on  the  frequency  and  sever- 
ity of  cracking,  failures,  and  successes.  Figure  b 
shows  typical  results  for  a hypothetical  but  realis- 
tic population  of  turbine  rotors.  Ihe  conventional 
"design  life"  is  established  to  assure  an  acceptably 
low  failure  rate  A significant  percentage  of 
rotors  101.)  will  be  cracked  but  not  failed 
while  the  balance  will  not  even  be  cracked  at  the 
design  life".  An  RFC  procedure  based  upon  PIM 
would  utilize  a conservative  calculation  of  the 
distribution  of  crack  propagation  lives,  Np,  to 
establish  allowables.  The  CA  approach  would  uti- 
lize all  available  in-service  data  on  Np  and  the 
initiation  Jives.  , along  with  laboratory  data 
or  engineering  models  which  relate  N,.  Np  and  Nf 
as  shown  in  Fig.  5.  As  nc-w  service  or  test  data 
reveal  past  errors  in  part  usage  (mission  mixl 
or  calculated  stresses,  the  CA  procedures  contin- 
ually and  intrinsically  account  for  them  Thus 
errors  in  t.'ie  engineering  rnalel  or  materials  data 
are  not  as  critical  in  a CA'RFC  life  extension  as 
with  PFM  RFC  because  CA  provides  continual  calibra- 
tion with  actual  experience.  The  basic  approa.h 
of  incorporating  a fudge  factor  in  the  design 
calculation  to  explai.i  actual  test  and  field  exper- 
ience is  a coniiion  design  approach.  Ihe  lA  approach 
simply  provides  a nvire  foi-mal  and  mathematically 
rigorous  basis  for  Incorporating  actual  perfoi-riance 
data  Into  the  life  prediction. 
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of  failure  given  an  Imperfection  of  s^je  a,  (4)  the 
manufactuning  cost  per  blade,  (b)  the  inspection 
cost  per  blade,  and  (61  the  average  cost  per  fail- 
ure including  the  many  indirect  costs.  Four  methods 
have  been  identified  for  determining  the  flaw 
frequency;  and  three  methods  for  determining  the 
conditional  failure  probability,  one  of  which  is 
probabilistic  fracture  mechanics.  In  this  example, 
the  actual  failure  history  is  used  to  predict  the 
probability  of  failure  given  a flaw  of  site  a 
rather  than  PPM  analysis. 
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Fig.  6.  Comparison  of  the  variability  of  initiation 
lives,  propagation  lives,  and  total  cycles 
to  failure  for  a hypothetical  hut  realistic 
population  of  turbine  rotors. 

An  inspection-based  CA/RFC  procedure  has  been 
proposed  which  uses  actual  field  data,  such  as  the 
maximum  apparent  crack  depth  (a,  measured  non- 
destructively!,  to  calibrate  the  calculated  remain- 
ing life.  As  will  be  shown,  life  extension  based 
upon  the  CA'RFC  procedure  is  much  more  effective 
than  purely  analytical  PFM/KFC  because  it  is  much 
less  sensitive  to  analysis  errors  than  PFM.'RFC 
procedures  which  uses  inspection  only  as  a flaw 
screening  device. 

Reliability/Cost  Uptimication  - Whether  the  RFC 
system  is  based  upon  deterministic  fracture  mechan- 
ics. probabilistic  fracture  mechanics,  or  combined 
analysis  techniques,  selection  of  the  specific  life 
extension  strategy  should  be  based  upon  optimiza- 
tion of  the  relative  cost  and  reliability  associa- 
ted with  various  options.  Specifically  the  effects 
of  realistic  inspection,  analysis,  or  usage  uncer- 
tainties must  be  quantified  and  incorporated  in 
selection  of  the  optimum  life  extension  strategy. 

The  following  two  sections  provide  examples 
whicri  Illustrate  the  basis  concepts. 

TURBINE  BLADE:  SFLECTION  OF  AN 


The  following  quality  assurance  problem  i4) 
illustrates  the  use  of  Inspection  uncertainty, 
preinspection  flaw  frequency,  probabilistic  frac- 
ture mechanics,  combined  analysis  and  reliability 
cost  optimization  concepts  to  select  the  optimum 
rejection  level  for  inspections  performed  during 
manufacture  of  a population  of  gas  turbine  blades. 
Figure  6 summa.lzes  the  methodology  applied  in  this 
example.  The  analysis  Inputs  are:  (1'  the  rejec- 
tion probability  as  a function  of  Inspection  level 
(4)  and  imperfection  size  ta),  (2 1 the  flaw  pre- 
inspection  flaw  frequency  (FF)  as  a function  of 
imperfection  sire,  t3)  the  conditional  probability 


Fig.  6.  Combined  analysis  and  inspection  procedure 
to  determine  the  optimum  inspection  size, 
which  minimizes  tne  total  product  cost. 

First,  we  consider  the  failure  history.  Assuiiw 
that  100,000  blades  have  completed  their  design 
life,  and  loO  of  the  blades  failure  prematurely. 

■^he  fraction  failed  is  then  Fp  • 10"  . The  total 
cost  of  these  lUO  failures  to  the  manufacturer, 
including  estimated  direct  costs  ie.g.,  customer 
relations),  is  estimated  to  be  10  million  dollars. 
Ihis  given  an  average  cost  per  failure  Cp  • SlUO.OOO. 

The  100  failed  blades  are  analyzed  to  deter- 
mine the  size  of  defect  which  initiated  the  allure, 
and  the  results  are  summarized  in  lable  1.  A 
point  estimate  of  the  size  distribution  of  defects 
which  historically  caused  failure  Pno  (F.a.So)  is 
given  in  column  three  by  dividing  the  number  of 
initiating  defects  in  each  size  interval  by  the 
interval  size  and  the  total  volume  of  the  material 
in  the  10*  blades,  i.e..  by  dividing  by  60  cm* 
blade  x 10*  blades  10”'  cm  • b x Hi*  cm*. 

The  turbine  blades  before  being  admitted  to 
service  had  to  pass  the  historical  inspection  in 
which  the  inspection  uncertainty  was  d • .Ob  * 0.1  cm 
with  the  inspection  size  S ■ Sq  • .1'4  cm.  and  the 
rejection  rate  has  been  Fjjq  ■ 4.5s.  A sample  of 
100  rejected  blades  were  examined,  and  the  imper- 
fections in  these  blades  which  cause  rejectable 
indications  are  summarized  in  Table  d.  A point 
estimate  of  pnp  ((a.Spl'R),  the  size  distribution 
of  imperfections  which  cause  rejection,  given  that 
the  blade  has  been  rejected,  is  given  in  column 
three  of  table  2.  It  is  obtained  by  dividing  the 
number  of  rejectable  indications  in  each  imperfec- 
tion size  interval  by  the  volume  of  the  100  blades 
and  the  interval  Size,  i.e.,  column  two  is  divided 
bv  100  blades  x 50  dll''  blade  x 10”'  cm  • 500  cm*. 
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MflituKictUflnii  ,inil  Insj'fclli'n  Costs  - It  tho  cost 
oT  m.1  nil  Picturing  ,1  itlmfp  is  $l00  plus  .in  .iilii  I f lon.i  1 
$10  to  Inspoct  tlio  hl.iilr,  tho  guostlon  Is  whothoo 
tho  tot.ll  cost  coulil  ho  roilucoil  by  solocllng  .i 
ilifforont  Insppition  lovol  (S).  Using  tho  il.it. i 
nhovo  .IS  Input,  tho  itoponOonco  of  tho  o\pocf.ini 
cost  poo  tiirbino  hl.iito  upon  Inspoitl.'n  lovol  (S) 
can  ho  ilotormlnoil  as  Imllcatoil  In  t Ig.  7.  I lost 
tho  probahlo  fraction  of  ro.loctoil  hla.los  Is  Ootor- 
ralnoil  as  a function  of  S,  assuming  that  tho  vojoc- 
tlon  probahlllty  for  tho  historical  Inspoct Ion 
mothoil  has  boon  ilotormlnoil  to  ho 

I'^,|M|.iM  i.'^jISIv^.'sI  ' j rs|’[  IV  :.!•  ,'.S;,im|  .1'  (I) 

with  tho  historical  Inspoctlon  im>thoi1  uncorlalnty 
givon  hv 

.'^,(S)  • O./S  ♦ 0.1  cm  (.’) 

tho  ro.loctlon  probahlllty  for  tho  spocific  Inspoc- 
tlon  usoil  on  tho  100,000  turhino  bl.iilos  (tho  his 
tortcal  Inspoctlon  mothoit  with  h • 0.7f>)  Is  givon  hv 


whoro  S,  • 0.75  im.  I ho  probahlo  fraction  of  ro- 
Jocfoil  blailos  if  tho  historical  Inspoitlon  im’thoil 
IS  usoil  Is  givon  hv 
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whUh  [Mssi's  tht'  hlstoriCsit  tnsjM'itloM  mo(hot< 
.IS  ^ fuiution  of  inspoitlon  lovol  (S)  Is  thon 
ijlvon  hv 
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aiul  Is  1 I lust ratoil  In  Mg.  7 Moro  Cm  * I ] - $110. 
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Moro  pn , (l.a.Sj,)  Is  givon  In  lahio  I,  IgplS)  Is 
i .1  Icul.ifoil  by  Ig.  4.  l\i(K|  ta.s,,U  Is  givon  hv  Ig.  ,1. 
l’o(R|(.i,S))  Is  givon  by  Ig.  1,  V.j  • ‘<0  cm  , anil 
Fo()(So)  ■ 0.045.  Tho  probahlo  falliiro  cost  ig-r 
hl.nlo  In  sorvlco  as  a luiullon  of  Inspoitlon  sl.-o 
Is  givon  by 

C|  l,„(S)  ('ll 


where  Cj  • 1100. 000.  This  protMble  tjilure  losl 
per  bljde  is  also  shown  in  iii|.  7. 
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Inspei  t ion  I evel  pi)t  ii'i.lfdt 'dll  - The  total  espettant 
rest  of  a saleable  turbine  TTade  is  the  sum  of 
average  cost  to  manufacture  a turbine  blade  whuh 
passes  the  inspection  and  the  espectant  cost  due 
to  the  finite  probability  that  the  blade  will  fail. 
Ihe  total  ecpectant  cost  per  saleable  blade  is  also 
illustrated  in  fig.  7.  Ihe  total  expectant  cost 
of  a turbine  blade  if  no  inspection  is  conducted 
was  calculated  to  be  JJ.’b.  It  is  evident  frew  fig. 

7 that  the  historical  inspection  level  set  by 
engineering  judgment  reduces  the  total  cost  of  a 
saleable  blade  to  $jlb.  However,  this  analysis  shows 
that  the  total  expectant  cost  of  a blade  can  be 
further  reduced  frcmi  the  present  cost  of  i.Mb  per 
blade  to  $lb9  per  blade  by  reducing  the  inspection 
sue  from  the  historical  level  of  S • O./b  cm  to 
S 0.4b  cm.  Over  the  10'  blades,  this  represents 
a potential  additional  savings  of  approxiiixitely  b 
\ million  dollars  by  simply  adjusting  the  rejection 

level  for  an  existing  inspection. 

! Now  .onsider  the  optimum  decision  from  the 

1 user  rather  than  manufacturer's  point  of  view.  Ihe 

user  might  experience  an  additional  loss  on  the 
average  of  $'400,000.  whuh  results  fiom  the  tact 
that  a blade  tailure  forces  the  turbine  out  of 
service  tor  an  extended  period  of  time.  Hence  the 
average  failure  cost  to  the  user  might  be  $1,000,000. 
figure  H illustrates  the  results  of  a similar  opti- 
muafion  analysis  where  tlie  new  expectant  costs  of 
a saleable  blade  is  very  hi.,'i  ($l.llb  per  bladel 
if  the  inspection  sue  is  left  at  the  historical 
level.  A change  in  inspection  sue  from  the  histor- 
ical level  of  0.7b  cm  to  the  level  of  o..tb  ciii  will 
reduce  the  total  expectant  cost  to  the  user  of  each 
blade  to  $,’.14. 


IrtHWx  litHS  %•(«  in  xfii 


fig.  8.  lotal  cost  per  turbine  blade  as  a function 
of  Inspection  rejection  level  when  the 
average  cost  of  a tailure  is  a million 
dollars . 

Alternative  inspection  prcicedures  with  iiHidifled 
uncertainty  have  been  fb)  similarly  evaluated  to 
determine  (1)  the  specific  inspection  level  which 


produces  the  miniiixjm  cost,  and  tJl  the  oxegnitude 
of  the  minimum  cost  relative  to  the  historical 
blade  inspection  utilijed  at  the  level  which  pro- 
duces minimum  cost.  Ihe  guantitative  comparisons 
clearly  show  the  importance  of  selecting  the  opti- 
mum rejection  level  for  the  specific  inspection 
and  the  importance  of  low  inspection  uncertaintv, 
rather  than  high  resolution  alone,  in  minimuing 
the  total  cycle  costs. 

UlIttUN!  Illbf  IMI'AiT  01  ANAltSlS 
AnP  IN^fCllON  lINclRtAlfflN  ON 

i irr  TxTtNbiiiN  ATHATtr.v 

lAA  has  developed  analytical  prcicedures  \b-4l 
to  evaluate  the  effectiveness  of  any  proposed  life 
extension  procedure  based  upon  retirement  for  cause 
(RfC),  considering  the  in-service  loading  and  ana- 
lysis uncertainties  as  well  as  inspection  uncertain 
ty.  This  evaluation  procedure,  a probabilistic 
simulation  iiMclel  . has  been  applied  to  a population 
of  Ul.OOcl  gas  turbine  disks  to  determine  Ihe  impact 
of 

a)  Stress  variations  from  disk  to  disk 

b)  llnkni'wn  precise  age  of  past  usage  of  the 
disks 

c)  Multiple  (repeatedl  iiispec  I ions  rather 
tlian  a s Ingle  inspec  t ion 

d)  Keduc ed  Inspection  intervals,  and 

e)  titili.’ing  inspection  results,  thrc'ugh 

c c'liib  I lied  analysis  llA),  ralher  than  design 
calculations  to  establish  Kf l allowables. 

Ihe  effect  of  analysis  and  inspection  uncertainty 
was  evalutc'd  by  c oils i dev i iig  the  six  hypothetical 
teams  shewyn  in  tig.  4,  fach  team  consists  of  one 
analyst  and  one  inspector  of  varying  capabilities, 
and  the  total  exv'ectaiit  cost  savings  possible  through 
KfC  procedures  uliliting  specific  teams  were  ccxii 
puted  for  1000  disks,  averaged,  and  compared. 
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rellreim'nl  tor-cause  based  life  limit  tor 
10,000  inspected  turbine  disks 
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fatiijue  L 1 fe  iimujatlon  - The  total  fatiyue  Hfe  to 
br  i t tie  Tai  lure  of  a disk,  when  a I ife- 1 imi  t iny  rim 
can  be  expressed  yeneratly  as 

Nf  . N,  r N., 


Nf  Lite  to  failure  of  the  shortest- 1 i ved  of 
all  the  (up  to  lOf*  or  more)  rim  slots  of 
the  rotor  tin  units  of  cycles,  time, 
inspection  intervals,  or  design  lives) 

Nj  • Lite  to  initiation  of  a crack  of  some 
small  defined  depth,  a,-,  (a,-  =■  D.OOl 
inches  in  this  report) 

Np  » Life  to  propayate  the  crack  from  size  a; 
to  critical  size  for  brittle  failure,  a^.. 

The  specific  equation  used  to  simulate  in- 
service  fatiyue  life  required  for  failure  is  yiven 
by 

Nf  • Cj/o*  r Cp  log  (ap/a.)/o'.  (10) 

The  equation  used  to  relate  the  crack  depth  a to 
the  number  of  applied  load  cycles  N is 


N * Cj/o*  * Cp  log  (a/dj)/o' 


a » Crack  depth  (greater  than  a ) 

N * Number  of  vendor-specif ied  design  lives 
required  to  produce  a crack  of  depth  a 

Nf  = Dimensionless  life  expressed  as  the 

number  of  "worst-case"  predicted  retire- 
ment lives  required  for  failure  (i.e., 
a rotor  with  Nf  * 7 would  fail  after 
seven  times  the  predicted  life) 

o ’ Effective  alternative*  nominal  stress  at 
the  crack  locus  in  ksi  (treated  as  a random 
variable) 

C^,  Cp  • Parameters  (treated  as  random  variables) 
which  simulate  the  variation  of  crack 
initiation  and  crack  growth,  respectively, 
at  a given  o,  as  caused  by  geometric  var- 
iables such  as  surface  roughness  and 
metallurgical  variables  such  as  local  hard- 
ness or  composition,  and 


rotor  rims. 

The  exponent  3 in  Lq.  12  accounts  for  the 
stress  decrease  below  the  crack  suiface  (an  expo- 
nent of  2 would  be  correct  for  certain  crack  geo- 
metries subject  to  uniform  stress),  and  the  factor 
2.1)  (with  inherent  units  of  in.‘'**  to  make  Lq.  3 
dimensionally  correct)  is  representative  of  the 
results  of  a stress  intensity  factor  analysis  of 
the  rim  crack  geometry. 

The  cumulative  probability  distribution  of 
Cl  is  assumed  to  be  log-noniial  so  that  log  Cj  is 
a Gaussian  or  normally  distributed  variable,  The 
selected  parameters  of  this  normal  distribution 
are  a mean  or  median  of  10  and  a standard  devia- 
tion of  U.2.  These  assumptions  about  the  proba- 
bility distribution  of  log  L'i  can  be  compacted 
into  the  notation 

log  Cj  - GAU  (10,0.2)  tl3) 


C.  , ,(,GAU(10,  0.2)^^jb** 

The  other  assumed  probability  distributions  are 
yiven  by 

rdVU(5.0,  0.1),  .3  (lb) 

Cp  » 10  ksi 

0 • CiAU  (40  ksi , b ksi ) (16) 

GAU  (100  ksi  (in)'”,  16  ksi  (in)'”)*** 

(17) 

Figure  10  shows  the  probability  distribution 
for  inspectors  A and  B and  Fig.  11  that  for  the 
operating  stress  (>>)  yiven  by  (Ih).  Considerable 
rotor-to-rotor  stress  variation  has  been  assunied. **** 
This  stress  variation  might  result  from  aircraft 
mission  differences  which  produce  different  in- 
service,  thermomechanua  1 transients. 

tquations  10  through  17  and  the  numerical 
values  of  their  parameters  have  been  chosen  to 
simulate  many  characteristics  of  real  in-service 
fatigue  performance.  Ihese  include:  a greater 
effect  of  stress  on  initiation  life  (exponent  of 
6)  than  on  crack  growth  life  (exponent  of  3), 
greater  scatter  in  initiation  than  in  crack  growth 
at  a given  ■ (tqs.  14  and  16),  and  a realistic, 
smaller  increase  in  crack  growth  rate  with  crack 
depth  for  a crack  in  a stress  concentration  than 
for  one  under  unifonn  stress. 


{K^/{2.bo)y 


Kc  « Critical  stress  intensity  factor  expressed 
in  ksi  (in.)”’  (treated  as  a random 
variable) . 

The  form  of  (10)  and  (11)  and  the  numerical  values 
of  the  parameters  have  been  selected  for  simplicity 
and  because  they  are  representative  of  observed 
fatigue  performance  of  certain  gas  and  steam  turbine 

*6tMdy~stress  effects  are  assumed  to  tie  negligible 
In  this  example.  Refer  to  (4)  for  an  RFC  procedure 
that  considers  the  relative  contribution  of  steady 
and  alternating  sources. 


**1  ksi  ■ 6.844  X 10*  Pa  • b.844  N mm' 


>1  ksi  fin)' 


• .14  , .'46  Niuii 


****The  coefficient  of  variation  for  the  stress 
distribution  is  equal  to  6,i40  or  12.6%. 
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Fig.  10.  Probability  distribution  of  S./df 
for  Inspectors  A and  B.  ^ 
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Fig.  11.  Probability  distribution  of  o due  to 
rotor- to-rotor  variation. 


Apparent  Crack  Depth  from  Inspection  Nt  - The  1n- 
spection  uncertainty  is  siinulated  by  calculating 
apparent  crack  depth  from 

i • maximum  (.001",  Aj^sp)  (19) 

where  Aincp  Is  derived  solely  from  the  calibrated 
inspectlOh'^signal  given  by 

’09  (»lnsp/»  > • (O.u)  (20) 

where  b,  taken  to  be  either  0.1  or  0.2.  reflects 
positive  bias  in  the  inspection  (for  example,  b • 

.1  implies  that  typically  the  crack  site  will  be 
overestimated  by  a factor  of  10’'  • 1.26).  This 
bias  could  reflect  conservative  procedures  or  the 
fact  that  multiple  rim  slots  create  more  change 
for  a high,  rather  than  low,  estimate  of  the  rotor's 
maximum  value  of  a^.  Finally,  u,  taken  to  be 
either  0.2  or  0.4,  is  the  "logarithmic  standard 
deviation"  of  ainsp/at  and  reflects  Inspection 
uncertainty  in  a similar  manner  as  In  (1^1 . Eq. 

20  Is  plotted  In  Fig.  10  for  the  two  sets  of  para- 
meters b and  u,  corresponding  to  Inspectors  A and 
B.  Inspector  A has  available  a relatively  poor 
technique  with  large  bias  and  uncertainty,  while 
Inspector  B has  less  bias  and  uncertainty. 

Analysis  Uncertainty  - Three  hypothetical  analysts 
are  considered.  Analyst  1 uses  the  equation 

lif  • 3 X lO'V.i*  ♦ 10*  log  («(./. 001  )/,■!*  (21) 

to  model  the  fatigue  process.  By  comparing  Eq.  21 
to  Eqs.  10,11,  and  23,  one  can  see  that  the  form 
of  Eq.  21  is  correct,  but  that,  on  average.  Eq.  21 
will  overpredict  the  median  failure  life  by  a factor 
of  three.  Such  an  error  could  be  due,  for  example, 
to  the  use  of  inappropriate  temperatures  for  lab- 
oratory fatigue  tests. 

Analyst  2 uses  the  equation 


Figure  5 presents  the  simulated  life-to- 
failure  N*  (also  and  Np)  data  for  10,000  rotors* 
obtained  by  applying  the  Monte  Carlo  simulation 
computer  program  in  (^)  to  Eqs.  10  through  17. 

The  results  show  that  crack  propagation,  Np,  con- 
trols the  early  part  of  the  Nf  probabll i ty'^distrl- 
bution  and  crack  initiation  the  later  part  (N  '•20). 
Furthermore,  significant  fatigue  life  scatter 
occurs  and  the  first  few  failures  occur  between 
N « 1,  the  design  life,  and  N • 1.5.  This  is  Inten- 
ded to  simulate  a good  initial  life  prediction  or 
design  analysis  resulting  in  neither  failure  nor 
severe  overdesign. 


• .333  X I0'“/>1*  + .333  x lO*  log  (S^/  001  l/.t' 

(22) 

to  model  the  fatigue  process.  On  the  average,  this 
analyst  underpredicts  life  by  a factor  of  three. 

The  third  analyst  develops  a near-perfect 
deterministic  model  of  the  fatigue  process  that 
corresponds  closely  to  the  median  life.  Analyst 
3's  equation  is 

Of  • lO'V*!*  ♦ 10*  log  (»^/.001)/i^  (23) 


Actual  Crack  Depth  at  Inspection  Time  N.  - Ihe 
actual  crack  size  a.  at  the  actual  inspection  time 
is  solved  from  til)  as 

log  ■ (Nj  - Cj/o*  )(v'*/Cp)  + log  aj  (18) 

For  further  discussion,  it  is  of  interest  to 
note  that  at  the  median  values  (Nj  • 1,  C)  ■ 10'°. 
and  Cp  • irf  ),  a 7%  to  change  in  o will  change 
at  by  a factor  of  approximately  three.  Thus,  tor 
each  in-service  rotor,  an  inspection  error  of  a 
factor  of  three  in  the  estimate  of  crack  depth 
is  equivalent  to  a 7%  to  8t  analysis  error  in  the 
effective  nominal  alternating  stress. 

*These  results,  from  an  earlier  10,000  rotor  simu- 
lation (J[),  also  accurately  represent  the  results 
of  the  present  1000  rotor  simulation. 


It  has  been  assumed  that  the  analysts  have 
Included  all  relevant  failure  modes  in  their  assess' 
ments.  For  example,  the  effect  of  a larqer-than- 
anticipated  vibratory  stress  could  cause  the  effec- 
tive critical  crack  depth  to  be  limited  bv  high  fre 
quency  fatigue  threshold  rather  than  the  material’s 
fracture  toughness.  The  turbine  history,  destruc- 
tive meta 1 lographic  examination  of  rim  slots,  and 
rotor-inspection  data  can  be  used  to  determine  If 
vibratory  stresses  affect  aj.  and  Nf  significantly. 

Cost  Analysis  - Ihe  RFC  procedures  described  above 
have  been  programmed  into  a Monte  Carlo  simulation 
program  which  simulated  1000  individual  rotors  for 
each  RFC  procedure  and  team.  The  program  does  the 
following  for  each  rotor;  (l)  geneiates"in-service" 
fatigue  data,  (2)  performs  a chosen  RFC  procedure 
on  each  rotor  at  the  appropriate  time  and  makes 


lH' 


random  error;  using  the  probability  distribution 
input  and  other  appropriate  equations,  and  (3) 
checks  for  failure  of  the  rotor.  Costs  are  assigned 
to  the  various  outcomes  of  the  RFC  procedure  for 
the  jth  rotor.  Each  time  the  rotor  is  inspected, 
a negative  dollar  gain  (cost)  of 

Gj j - -2U00  dol lars 

is  assigned.  Each  time  the  life  of  the  rotor  is 
extended,  a gain  of 

Gjj,  * 20,000  N'g  dollars 

is  assigned,  where  $20,000  is  the  original , cost 
of  a rotor  designed  for  one  life  unit  and  N'g  is 
the  perceived  amount  of  life  extension  until  either 
the  next  inspection,  retirement,  or  failure,  which- 
ever occurs.  Should  a failure  occur  before  the 
rotor  is  retired,  a negative  gain  (cost!  of 

Gjf  = -1,S00,000  dollars 
is  assigned. 

Clearly,  the  estimation  of  the  expected  cost 
of  failure  G^  is  a complex,  controversial  subject 
(6,9,1_CI,12)  chat  touches  on  a variety  of  sensitive 
safety,  economic,  and  political  issues.  However, 

Gf  is  finite,  and  the  failure  probability  is  greater 
than  zero  and  to  insist  otherwise  is  unrealistic 
and  impractical.  If  specification  of  Gf  is  unde* 
sirable,  a maximum  allowable  failure  probability 
can  be  specified  instead  of  built  into  the  RFC 
procedure  constraints.  This  failure  probability 
could  be  specified  and  justified  by  using  several 
comparative  criteria.  For  example,  the  failure  pro- 
bability may  be  acceptable  if  it  is  less  than  the 
in-service  failure  probabilities  demonstrated  during 
the  design  life  of  similar  equipment  accepted  by 
society  for  general  usage.  For  further  discussion 
of  the  "how  safe  is  safe  enough"  question,  the 
reader  is  referred  to  the  work  of  Starr  (JO)  and 
Tetelman  (II). 

The  total  RFC  cost  savings  for  each  rotor  is 
obtained  by  summing 


‘'j  ' ^''ji  * Vje  ^ 'f«jf 

(Repeated  indices  do  not  denote  summation) 


where  fj,  fg,  fr  represent  the  number  of  incidents 
for  each  type  of  cost  gain  for  the  jth  rotor. 

The  expected  average  dollar  gain  per  rotor 
of  the  RFC  procedure  is  then  estimated  by  averaging 
all  the  simulations 

1000 

G « £ G./IOOO. 
j-1  ^ 

G Is  a measure  of  the  RFC  performance.  The  rms 
error  of  the  G estimate  (1.e.,_the  sampling  toler- 
ance or  standard  deviation  of  G)  due  to  the  use  of 
the  finite  number  of  rotor  simulations  (1000)  is 
estimated  to  be  $2000  near  the  optimum  safety 
factor,  where  the  simulated  failure  probability 
is  of  the  order  of  .001.  Thus,  the  curves  reflect 
the  simulated  procedure  with  an  accuracy  of  appro- 
ximately *2000  dollars. 


RFC  Evaluation  Results  - The  average  dol'.'r  gain 
(cost  savings)  G for  each  RFC  procedure  and  analyst/ 
inspector  team  was  computed.  Typical  results  are 
sumiiarized  by  Figs.  12-14  and  discussed  below. 


Fig.  12.  Expected  dollar  gain  per  rotor  for  single 
and  multiple  inspection  RFC  procedures 
with  various  analysis  and  inspection 
uncertainties. 
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Fig.  13.  Effect  of  uncertain  past  usage  on  expected 
dollar  gain  per  rotor  for  multiple  in- 
spection RFC  procedure. 


Fig.  14.  Comparison  of  the  expected  cost  savings 
per  rotor  with  RFC  procedures  utilizing 
various  stress  input. 
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Single  Inspection  vs.  Multiple  Inspection  - 
The  G results  for  Cases  A and  B,  single  and  multi- 
ple  inspection-based-stress  RFC  procedures,  res- 
pectively, are  displayed  in  Fig.  12.  Three  conclu- 
sions are  evident:  (1)  an  optimum  safety  factor 
exists  for  each  team  within  each  case,  (2)  the  teams 
with  the  better  inspectors  do  consistently  better 
than  their  less  able  counterparts  although  even 
the  less  accurate  inspectors  can  still  achieve  sub- 
stantial cost  savings,  and  13)  provided  that  the 
safety  factor  is  between  2 and  3,  the  multiple 
inspection  RFC  procedure  is  substantially  better 
than  the  single  inspection  procedure. 

The  general  shape  of  the  G curve  is  due  to  the 
trade-off  between  premature  failures  and  premature 
retirement.  The  optimum  safety  factor  represents 
the  best  balance  between  these  two  competing  effects 
and  corresponds  to  simulated  failure  rates  of  the 
order  of  one_failure  in  1000  rotors.  The  sharp 
drop  in  the  G curves  on  the  lew  SF  end  corresponds 
to  too  many  failures.  The  gradual  drop  in  the  G 
curves  on  the  high  SF  end  represents  the  cost  of  an 
increasing  number  of  premature  rotor  retire^’ieiits. 

Figure  12  shows  that  the  optimum  safety  factor 
is,  unfortunately,  a strong  function  of  the  analy- 
tical model.  Since  we  assume  that  little  or  no 
knowledge  of  analysis  error  is  available  prior  to 
formulation  of  the  RFC  procedure,  there  seems  little 
chance  to  choose  accurately  ar.  optimum  safety  factor. 
The  situation  would  be  significantly  wors-;,  however, 
if  the  minimum  inspection  interval  was  1 rather  than 
1/2  times  the  dusign  life  as  used.  Ihis  computation 
showen  an  abrupt  dec-ease  in  G at  high  SF  values 
due  to  excessive  premature  rctiromenta  caused  be  a 
iiiinimum  inspentipn  interval  that  is  too  laige.  The 
results  showed  that  reduced  inspection  interval 
reduces  the  sensitivity  to  SF,  as  long  as  SF  is 
chosen  large  enough  to  prevent  failures.  Furthermore, 
if  an  appropriately  small  minimum  inspection  inter- 
val is  used,  safety  factors  between  2.0  and  3.0 
produce  very  substantial  economic  gains  for  all 
teams  using  the  multiple  inspection  procedure. 

It  should  be  noted  that  none  of  the  RFC  pro- 
cedures studied  thus  far  have  taken  into  account 
information  received  from  either  other  rotors  or 
earlier  inspections  of  the  same  rotor.  Thus, 
neither  the  analyst  nor  the  inspector  is  allowed 
to  learn  from  past  experience.  This  simplification 
in  the  model  is  particularly  unfair  to  the  multiple 
inspection  inspector  who  is  made  to  ignore  the 
results  of  previous  inspections  each  time  the  rotor 
is  reinspected. 

Known  vs.  Estimated  Component  Age  and  Inspec- 
tion Interval  - It  is  quite  likely  that  an  analyst 
will  not  know  exactly  how  many  design  lives  have 
actually  been  used  at  the  time  of  inspection. 

Figure  13  shows  the_re1atively  small  effect  of  this 
[ uncertainty  on  the  G results  of  the  multiple  in- 

spection, CA/RFC  procedure  applied  by  Team  3B.  The 
three  usage  uncertainties  evaluated  were: 

1)  Exact  knowledge  of  (B  = 0) 

2)  A small  deviation  of  from  (factor 
of  1.2  (8  = 0.8),  i.e.,  20%  error  or  less, 

68%  of  the  time) 

3)  A large  deviation  of  Nt  from  Nt  (factor 
of  2 error  or  less  (6  = 0.50),  68%  of  the 
time) 
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Desiqn-Based-Stress  (PPM)  vs.  Inspection-Based  ] 

Stress  (CA)/RFC  Procedures  -'  Ihe  results  of  using  a 
single  best  estimate  design  stress  in  Eg.  11  rather 
than  a stress  calculated  from  inspection  information 
is  shown  in  Fig.  14.  Ihe  results  in  Fig.  14  are 
for  a rotor  population  with  realistic  actual  stress 
variations  from  rotor  to  rotor  (a  larger  variation 
has  been  assumed  throughout  the  rest  of  this  study). 

The  figure  shows  that  the  design-based  procedure 
does  reasonably  well  provided  that  the  analyst 
chooses  the  correct  stress  value.  Note,  however, 
that  if  too  high  or  too  low  a stress  value  is  chosen, 
very  poor  G results  are  obtained,  even  with  Team  3B, 
the  best  team.  Thus,  the  inspection-based-stress 
RFC  procedure  is  much  more  likely  to  produce  sub- 
stantial economic  gains  than  the  design-based  pro- 
cedure. 

SUMMARY  AND  CONC LUSIONS 

The  results  of  this  study  h^ve  led  to  the  fol- 
lowing general  conclusions: 

1)  It  is  evident  that  even  with  large  inspec- 
tion and  analysis  uncertainties,  cost 
effective  rotor  life  extension  at  extremely 
low  failure  probabilities  can  be  effected 
using  a Retirement-For-Cause  (RFC)  proce- 
dure which  makes  full  use  of  in-service 
structural  fatigue  data. 

2)  Any  proposed  RFC  procedure  should  be  sub- 
jected to  a parametric  probabilistic  evalua- 
tion using  realistic  simulated  data  to 
evaluate  the  procedure  and  to  learn  which 
areas  of  analysis,  experiment,  logistics, 
and  inspection  are  most  critical  to  the 
success  of  the  RFC  procedure. 

3)  Computer  simulation  of  the  fatigue  crack 
initiation  and  growth  process  provides  a 
viable  means  for  evaluating  the  effect  of 
both  systematic  and  stochastic  errors  upon 
the  payoff  potential  of  an  RFC  procedure. 

4)  A more  effective  CA/RFC  procedure  would  be 
based  on  probabilistic  rather  than  deter- 
ministic life  extension  calculations  and 
would  make  use  of  information  obtained 
from  other  rotors  and  previous  inspections 
of  the  same  rotor. 

A number  of  conclusions  have  been  reached  for 
the  specific  RFC  example  described.  They  are: 

1)  Life  based  safety  factors  of  2 to  3 will 
result  in  substantial  economic  gains  with 
little  chance  of  producing  an  unacceptably 
large  number  of  failures  if  the  CA/RFC  pro- 
cedure uses  a stress  value  which  is  cal- 
culated from  the  inspection  results,  and 
if  the  minimum  inspection  interval  is  suffi- 
ciently smal I . 

2)  With  regard  to  subcritical  crack  growth  life,  ii 

knowledge  of  the  maximum  crack  depth  to  ’ 

within  a factor  of  three  is  equivalent  to 

knowledge  of  the  effective  stress  to  within 

8%. 

3)  Larger  economic  gain  results  from  an  RFC 
procedure  which  uses  stress  values  calcu- 
lated from  inspection  results  rather  than 
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conventional ly  calculated  stress  values. 
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4)  Multiple  inspection  RFC  procedures  are  at 
least  tviice  as  effective  as  single  in- 
spection procedures  if  a safety  factor 

of  2 to  3 is  used. 

5)  Uncertainty  regarding  the  age  at  inspec- 
tion has  little  effect  on  the  overall 
results  of  the  RFC  procedure,  per  se,  but 
may  lead  to  early  failures  before  the 
first  scheduled  RFC  inspection. 

6)  Shortening  the  length  of  the  minimum  in- 
spection interval  in  multiple  inspection 
procedures  can  substantial ly  reduce  the 
overall  cost  due  to  premature  retirements 
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ABSTRACT 

The  problem  of  fracture  from  cylindrical  cavities  in  brittle  materials  has  been  analysed.  The 
a’’alysis  is  based  on  the  conditions  required  to  extend  cracks  that  pre-exist  at  the  cavity  surface.  It 
involves  the  combined  use  of  fracture  mechanics  and  statistics  solutions  for  crack  extension  in  the 
concentrated  stress  field  around  the  cavity.  The  qeneral  pertinence  of  the  approach  is  substantiated  by 
experimental  studies  of  fracture  from  cavities  in  polycrystalline  alumina. 

INTRODUCTION 

The  fracture  of  ceramic  comnonents  frequently 
initiates  at  holes  or  voids,'  and  it  is  of  consi- 
derable practical  importance  to  comprehend  the 
detailed  influence  of  cavities  on  fracture  initia- 
tion. 

Fracture  from  cavities  is  most  real istical ly 
treated  by  examining  the  extension  of  flaws  at  (or 
near)  the  cavity  surface. '.2  The  flaws  are  consi- 
dered to  extend  when  the  stress  intensity,  due  to 
the  combined  stress  field  o^  the  cavity  and  the 
flaw,  attains  the  critical  value  for  local  crack 
extension.  The  flaw  responsible  for  fracture  in 
polycrystalline  ceramics  may  either  pre-exist  or 
may  develop  due  to  subcritical  extension  of  grain 
boundary  cusps.  In  either  case,  a distribution  of 
flaws  should  exist,  prior  to  final  fracture,  in  the 
vicinity  of  the  cavity  surface.  The  analysis  of 
fracture  from  cavities  is  thus  a statistical  prob- 
lem, involving  the  extension  of  crack  arrays  in 
localized  stress  fields.  A preliminary  attempt  to 
address  this  problem-'  has  used  the  unperturbed 
stress  field  at  the  cavity  surface  as  the  basis  for 
the  statistical  analysis.  This  analysis  only  per- 
tains, of  course,  when  the  cracks  are  small  enough 
(vis-a-vis  the  cavity  radius)  that  stress  gradient 
effects  across  the  crack  and  interaction  effects^’ 
can  be  neglected. 

Further  progress  in  the  characterization  of 
fracture  from  cavities  requires  that  the  statisti- 
cal approach  be  extended  to  include  the  entire  range? 
of  crack  sizes  of  practical  concern  (up  to  at  least 
half  the  cavity  radius)' and  hence  to  incorporate 
the  stress  gradient  and  interaction  effects  on  crack 
propagation.  Three-dimensional  stress  intensity 
factor  solutions  for  cracks  emanating  frxini  the 
cavity  surface*  are  needed  for  this  purpose.  These 
results  ran  then  be  combined  with  statistical  crack 
size  distributions  to  obtain  the  appropriate  frac- 
ture relationships.  The  present  paper  considers 

*A  similar  approach  can  he  used  to  include  volume 
cracks  that  do  not  terminate  at  the  cavity  surface. 

However,  the  analysis  is  complicated  by  subcritical 
crack/cavity  linking  effects,  and  the  analysis  is 
thus  deferred  to  a subsequent  publication. 
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the  problem  of  fracture  from  cylindrical  cavities; 
while  a companion  paper  examines  the  analogous 
problem  of  fracture  from  spherical  cavities.  These 
papers  emphasize  the  basic  approach  for  combining 
linear  elastic  fracture  mechanics  solutions  with 
statistical  results.  For  this  purpose,  tie  best 
available  fracture  mechanics  and  statistical  analy- 
ses are  invoked;  recognizing  that,  in  some  instances, 
the  solutions  are  still  rather  approximate.  Evident- 
ly, improved  solutions  can  be  incorporated,  as  they 
emerge,  using  the  saw  basic  procedures. 

To  ascertain  the  general  validity  of  the  analy- 
tic results,  it  is  required  that  cavities  with  well- 
defined  surface  crack  distributions  be  prepared  and 
testedT  Preliminary  results  are  obtained  in  this 
study  by  performing  experiments  on  a hot  pressed 
polycrvstal 1 ine  alumina  containing  cylindrical 
cavities. 

STRESS  INTENSITY  FACTOR  SOLUJIONS 

Well-established  stress  intensity  factor  k 
solutions  can  he  obtained  directly  from  the  litera- 
ture for  the  two-dineiisional  problem  of  single  (or 
double)  radial  cracks  emanating  from  a cylindrical 
hole^  (Fig.  1).  However,  there  are  few  well- 
substantiated  solutions  for  the  nxire  -elevant  three- 
dimensional  problems,  such  as  semi -el  1 ipt ical  cracks 
at  the  surface  of  cylindrical  cavities.  Approximate 
three-dimensional  solutions  are  often  obtained  by 
linear  superposition.  Such  solutions  are  parti- 
cularly convenient  to  derive,  and  are  the  prirury 
solutions  used  in  the  present  studies.  Hence,  the 
methods  of  solution  and  the  expected  accuracy  of 
the  results  are  examined. 


the  front  locAtfon  Of  fntrrest  t'oe  Fiq.  2). 


Fig.  1.  Stress  intensity  factor  solutions  for  .1 
single  rodiol  crock  eiivinoting  from  0 
cylindricol  hole. 

The  three  primary  superposition  results  are: 
for  a two-diniensipnal  synrietrical  ly  loaded  crack  of 
length 
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Fig.  t.  Stress  intensity  factor  solutions  a semi- 
circular crack  on  the  surface  of  a cylin- 
drical cavity. 

To  examine  the  expected  utility  of  the  super- 
position "lethod.  a solution  is  derived  for  the 
radial  crack  configuration  shown  in  Fig.  1.  The 
tangential  stress  .'jAxl  around  a cvlindrical  cavity 
(radius  r)  normal  to  the  applied  stress  isj'-' 


where  : is  the  distance  from  the  crack  center  and 
is  the  tensile  stress  normal  to  the  crack:  for 
a two-dimensional  edge  crack  of  length  a-'' 


where.  F(:.'a)  - (l-i'aU‘^-?‘'-0.-l'Hz » 0.77(.-  a''> 
- 0.dg(//a)S  ♦ 0. 5d( z/a)l’l : for  a three-dinx'nsional 
fully-contained  crack". /.d 


where  x is  the  distance  trom  the  cavity  surface. 

Suhs t i t ut I ng  Fgn.  into  [gns,  (1'  and  (dl  umd 
applying  a single  crack  correction',  [(.’rta' ’ 

( ('r*."'a  1 1'l  to  convert  the  svnrx'tric  douMe  crack 
solution  to  a single  crack  solution'  Meld--  the 
results  plotted  in  Fig.  1.  -Mso  shown  is  the 
result  for  a crack  of  eguivalent  length  ja«.'r'.  It 
is  apparent  that  the  mosiified  ssnmetric  solution 
affords  a very  good  approxinution  in  the  range 
a r ' 'i..'.  as  observed  by  Shah whereas  the  edge 
crack  solution  provides  a superior  correlation  for 
snviller  a/r.  I'arefullv  chosen  superposition  solu- 
tions thus  appear  to  orovide  stress  intensitv  factor 
approxinvit  ions  that  should  he  satisfactory  for 
present  purposes. 


K ” 

'•I  * -o 


(.1) 


[ l-2{y/a)cos  * ♦ (y 'a)‘J 


where  y is  the  radial  distance  from  the  crack  center, 
and  y is  the  angular  coordinate  with  reference  to 


The  three-dimensional  configurat ion  of  into'vst 
for  the  present  statistical  analysis  is  the  semi- 
circular cr.ick  on  the  sur'ace  of  a cylindrical  caxi- 
ty  (Fig.  . An  approximate  suoertHis' t ion  solution 
for  this  prvxblem  considers  a circular  crack  svini-e- 
trically  loaded  abi'ut  the  cavity  sur'ace.  by  the 
stress  field  of  the  cavitv  (fgn,  4);  i.e..  it  in- 
vokes an  image  crack  within  the  cavity  (Fig.  ’1. 

The  solution  is  obtained  by  replacing  x in  Fgn.  (4' 
with  y sinl4*yl(als  the  angle  defined  in  Fig.  t). 
substituting  Fgn.  (4l  into  Fgn,  (d).  and  integrating. 
The  results  are  plotted  in  iig.  for  crack  front 
locations  both  coincident  with  the  cavity  surface 


(♦■o)  and  remote  from  the  cavity  (a'ii/2).  The 
stress  Intensity  factors  are  in  close  agreement  with 
those  derived  by  Shah,^  using  a similar  analysis. 
These  solutions  must  be  corrected  for  the  presence 
of  the  cavity  surface.  The  surface  corrections  for 
small  a/r  should  be  of  the  same  order  as  those 
obtained  for  uniformly  stressed  surface  cracks.® 

The  correction  for  remote  crack  front  locations 
(a  *1/2)  is  small,  '1.03;  while  for  near  surface 
locations*  (a  'o)  the  correction  is  relatively 
large.  '1.23,  as  indicated  on  Fig.  2.  Allowing 
for  possible  surface  corrections  of  this  magnitude, 
a comparison  of  the  surface  crack  solutions  plotted 
in  Fig.  2 with  the  radial  crack  solution  (trans- 
posed from  Fig.  l)^indicates  that,  for  relatively 
large  cracks  (a/r  ' 1),  the  stress  intensity  factor 
for  a semi-circular  crack  (at  a*o)  is  substantially 
larger  than  that  for  a radial  crack  of  equivalent 
length.  Semi-circular  surface  cracks  in  this  size 
range  should  thus  extend  subcri tical ly,  into  radial 
cracks  (or  more  likely,  into  an  intermediate  semi- 
elliptical configuration)  before  propagating  to 
fracture.  For  small  a/r,  the  stress  intensity  fac- 
tors for  semi-circular  cracks  are  lower  than  for 
radial  cracks,  indicating  that  semi-circular  cracks 
in  this  size  range  should  propagate  unstably  to 
fracture.  The  "best  available  solution"  for  the 
stress  intensity  factor  at  criticality  should  thus 
exhibit  the  approximate  form  depicted  in  Fig.  2.  A 
functional  expression  for  this  curve  which  is  con- 
venient for  subsequent  analysis  (derived  using  a 
formulism  proposed  by  Grandt)''  is  given  by: 

■ 1.07  ♦ — 

0.52  + */r  (5) 


One  other  type  of  crack  that  is  of  interest 
for  the  cylindrical  cavity  problem  is  the  corner 
crack  (Fig.  3).  Stress  intensity  factor  solutions 
for  this  configuration’^  indicate  that  K will  be 
augmented  near  the  free  surface  Intersection,  by 
'1.33.  This  correction  will  be  applied  when  frac- 
ture is  expected  to  initiate  from  corner  cracks. 


FRACTURE  STATISTICS 

The  probability  of  fracture  ♦(S)  when  fracture 
occurs  by  the  unstable  extension  of  non-interacting 
surface  cracks  is.  in  general,  related  to  the  state 
of  stress,  S,  by’’; 

S 

tn[l-*(S)]  - y^A  y 9(SJdS 
A 0 

where  A is  the  stressed  area  and  g(S)dS  is  the  num- 
ber of  flaws  in  unit  area  that  extend  unstably  in 
the  stress  range  S to  S + dS.  The  function  a(S)  can 
be  deduced  from  experimental  strength  data’*®  and 
usually,  several  flaw  populations  exist  over  the 
entire  strength  range®  (O^-);  so  that  several  func- 
tional forms  are  needed  to  ful  1 y-describe  g(S). 
However,  for  a restricted  range  of  strength,  the 
mathematically  convenient  reduced  Weibull  function^ 
is  usually  found  to  aTford  an  adequate  description; 

/ SiSidS  -(-!-)■  I'> 

0 

where  m is  a shape  parameter  and  Sq  a scale  para- 
meter. This  fracture  probability  relation  can  be 
used  in  conjunction  with  stress  fields  at  cavity 
surfaces  and  K solutions  to  obtain  expressions  for 
cavity  fracture.  Some  caution  should  be  exercised, 
however,  when  the  subcri tical  extension  of  surface 
cracks  is  involved  (see  Section  2),  because  this 
phenomenon  can  lead  to  Instability  conditions  that 
violate  the  postulates  used  to  derive  Eqn.  (6). 

For  a cylindrical  cavity  with  a stress  applied 
normal  to  the  cylinder  axis  (HG-  ®)  tfie  stress  at 
the  cavity  surface  is  biaxial'®  (except  for  the 
small  plane  stress  condition  near  the  ends).  The 
tangential  stress  op  is  given  by'®; 


Fig.  3.  A schematic  of  a corner  crack. 


The  singularity  at  the  surface,  f“0.  tends  to 
zero®;  but  Increases  rapidly  for  f > 0,  to  a 
maximum  at  '0.05*  . 


* <J*[®s'h29  -1] 


(8) 


where  0 is  the  location  on  the  cavity  surface  with 
respect  to  the  applied  stress  axis.  The  longitudi- 
nal stress  0 (Fig.  4)  is  equal  to  vo^.'®  Both 
stresses  are^thus  tensile  in  the  range.  5'i/6">e'*'>/6 . 


=t>  - 


Fig.  4.  A schematic  indicating  the  configuration 
used  for  statistical  analysis. 


ffdctuie  IS  co'isiJeieJ  to  bo  restricted  to  the  ten- 
sile region,  because  the  crack,  extension  stress 
under  biaxial  convression  substant  ial  ly  exceeds 
that  under  biaxial  tension.®  In  the  tensile  range, 
the  pertinent  strength  distribution  function  is 
that  which  rertai’i  to  a principal  stress  ratio 
S]'S2  equal  to  v.  For  the  function  given  by  Eqn. 
('),  it  has  been  demonstrated^  that  probabilities 
of  fracture  in  multiaxial  tension  can  be  related  to 
those  in  uniaxial  tension  through  a proportionality 
term  I (m,  v.  Sj/Sj);  the  fracture  probability  being 
greater  in  multiaxial  tension  than  in  uniaxial  ten- 
sion. This  proportionality  is  contained  in  subse- 
quent calculations  of  the  fracture  probability.  The 
modified  st'-ength  distribution  is  thus 


For  larger  a/r,  this  result  most  be  modified 
to  account  for  stress  gradient  effects.  The  K 
solution  that  reflects  the  crack  extension  condition 
at  instability  (see  Section  2)  should  be  used  for 
this  purpose.  For  flaws  normal  to  the  applied 
stress,  k[  in  Fqn,  (5)  can  be  equated  to  the  criti- 
cal value  Kc',  to  obtain  the  effective  flaw  strength 
S*  (i.e.,  the  appl ied  stress  required  to  cause 
unstable  crack  extension),  which  can  then  be 
expressed  in  terms  of  the  apparent  strength  S (that 
obtained  by  assuming  uniform  tension  near  the  cavity 
surface,  S • Kf/7.J8  Ca)  as  (Appendix  I); 


^ ■ 0.33  + 28(0.11  - O.OSea)"*  = Z(a) 


J g(S^)dS^  ■ I(m,v,S^/S2)  ( 


where  S,  is  the  maximum  principal  tensile  stress. 
Hence,  for  very  small  cracks  at  the  cavity  surface 
(a'r  V 10'^)  the  fractuie  probability  derived  from 
tqns.  (b)  to  (d)  by  equating  S]  to  is. 


B • cos(B'.V;.  cosh(ti/3)  or  sinh(B/3),  cos  B,  cosh  B. 
sinh  B (0.037  - 0 .004a)/ (0. 11  - O.OSba)^''’ 


/ S \ 

-tn[l-*(S^)]  .4rt^-^j  Hm.v)  J"  l4sin^9-l)"  de 


The  choice  of  the  cos,  cosh  or  sinh  relation  for  B 
depends  on  the  magnitude  of  a,  in  the  usual  way. 
The  stress  gradient  factor  Z(a)  given  by  Eqn.  (ll) 
is  plotted  in  Fig.  6. 


? 4rt  A(ni)(^/S^)'' 


where  is  the  magnitude  of  the  applied  stress 
at  fracture  and  t is  the  length  of  the  cylindrical 
cavity.  For  Si 'S^  • v » 0.2,  Inserting  the  propor- 
tionality I(m,v)  derived  from  Ref.  7 into  Eqn.  (10) 
and  integrating  yields  the  A(m)  plotted  in  Fig.  5. 
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Fig.  b.  The  stress  gradient  correction  term. 


The  dimensionless  fracture  probability 
factor  A(m)  for  fracture  from  a cylindri- 
cal cavity,  plotted  as  a function  of  the 
shape  parameter  m of  the  flaw  site  distri- 
bution. Note  that  A(m)  can  be  approxi- 
mately expressed  by  A(ml  ' 0.35  exp(l.Obm). 


Herein  we  assume  that  is  inilependent  of  crack 
length.  This  is  not  valid  for  cracks  comparable 
in  site  to  the  microstructural  dimensions .' o’ 


We  ixiw  assume  that  a similar  relation  between 
S and  S*  pertains  for  all  flaws  in  the  tensile 
ranye  (i.e.,  that  the  stress  relatively 

insensitive  to  the  flaw  location  anT orientation) . 
The  fracture  probability  can  then  be  obtained  by 
substituting  S from  Eqn.  (11)  for  S»  in  Eqn.  (10), 
to  give. 


where  S„  is  the  new  value  of  the  applied  stress 
at  fracture.  Before  proceeding,  it  is  important  to 
examine  the  implications  of  the  assumption  concern- 
ing the  orientation  independence  of  the  stress 
gradient  factor.  An  exac'  solution  to  the  present 
problem  would  require  that  K[,  h,,,  and  Kjj]  solu- 
tions be  derived  (for  5x /6 -ti 'v/f  1 for  all  possible 
flaw  locations  and  orientations  at  instability,  and 
then  to  derive  the  equivalent  S/S*  functions.  This 
is  too  extensive  an  exercise  to  attempt  for  present 
purposes.  But  it  is  instructive  to  develop  a quali- 
tative appreciation  of  the  probable  trends.  For 
all  flaw  orientations  within  a specified  element, 
de  (Fig.  4),  the  two  stresses  '>'"1  '■'!  4re  inter- 
related (oj  • ve,).  The  stress  gradient  factor  for 
given  e should,  therefore,  be  orientation  indepen- 
dent. The  only  substantive  differences  might  occur 
at  large  a/r,  where  cracks  with  normals  parallel  to 
the  cylinder  axis  (Fig.  4)  tend  to  an  annular  shafie 
at  criticality,  rather  than  the  radial  configuration 
analysed  in  St  tion  2.  However,  these  cracks  are 
in  an  unfavorable  orientation  for  extension  in  the 
present  problem,  and  do  not  provide  an  appreciable 
contribution  to  the  fracture  probability.  The 
effect  of  the  axial  orientation,  e,  on  the  stress 
gradient  factor  may  be  surmiced  by  examinipu  the 
tangential  and  shear  stress  distributions.''^  i'he 
tangential  stress  gradier'  (and  hence,  the 
gradient)  decreases  with  rotation  away  from  e • /r, 
because  the  importance  of  the  (r*x)'^  term  in  Eqn. 
(4)  diminishes.  However,  this  tends  to  be  counte* - 
acted  by  the  ehergence  of  a shear  stress  (or  kn 
component'  with  a strong  (rvy)'*  term.  The  orien- 
tation dependenve  of  the  stress  gradient  factor 
could,  therefore,  be  re’ativ  y small. 

The  trends  in, the  fracture  probab'lity  with  f ■ 
relative  strength  predicted  by  cgn.  (12)  ar 

plotted  in  Fig.  7 as  a function  of  the  'elative 
cavity  size  (r/r|j),  for  a typical  flaw  site  varia- 
bility m of  4,  tt)e  figure  was  constructed  by  letting 
rqt  and  KeVroSg*-  be  unity.  Also  blotted  on  the 
figure  are  the  fracture  probabilities  4(5..)  obtained 
from  Eqn.  (12)  for  the  uniform  tension  case.  It  is 
apparent  from  Fig.  7 that  the  fracture  probability 
deviates  from  the  uniform  stress  result  at  low 
strengths  (large  a/r)  and  that  the  onset  of  the 
deviation  S'  occurs  at  higher  strength  levels  (and 
fracture  probabilities)  as  the  absolute  cavity  site 
(r/rg)  decreases.  In  the  deviant  regime,  the  frac- 
ture probabilities  are  lower  and  initially  exhibit 
a stronger  derendence  on  the  fracture  stress  than 
anticipated  Py  the  shape  parameter  of  the  flaw  site 
distribution,  i.e.,  the  e^Fpgtjye  m values  are 
larger.  Thereafter,  below  the  fracture  pttiba- 
bintfes  are  identical  to  those  obtained  by  consi- 
dering the  cavities  as  eguivalent  cracks. 
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Fig.  7.  The  probability  of  fracture  4(S„)  from 

cylindrical  cavities  as  a function  of  the 
relative  strength  (1...  Sg)  plotted  for 
three  relative  cavity  radii,  and  for  a 
sh^pe  parameter  m of  4 (rgtg  and 
Kg-/rgSg^  are  both  unity);  also  plotted 
for  comparison  are  the  uniform  stress 
results,  4(S„). 


Concept 

The  applicability  of  the  fracture  relations 
derived  in  the  preceding  sections  can  only  be  ade- 
guately  assessed  if  cavities  with  wel  1 -lief ined 
surface  crack  distributions  are  prepaireJ  aniT  tested. 
Preliminary  studies  are  revx'rted  for  two  types  of 
cylindrical  tx’les.  The  first  set  of  samples  con- 
tain lyilas  prepared  by  drilling;  these  should  con- 
tain surface  cracks  with  a sire  distribution  similar 
to  that  preduced  by  surface  grinding.  The  pertinent 
cra^k  sire  distributi»  function  for  the  hole  might 
thus  be  e'timated  fror  'parate  strength  tests  on 
samples  with  ground  sui  • ces.  The  second  set  of 
samples  contain  holes  ge  era  ted  by  incorporat ing 
W wires.  The  thermal  expansion  diffeix>nt*al  between 
and  AljOj  should  generate  relatively  well-defined 
radial  cracks  emanating  from  the  W ^I’Oj  interface. 
Further,  since  the  W must  be  subseguently  removed 
by  oxidation,  the  expansion  involved  in  the  folia- 
tion of  the  oxide  causes  additional  crack  extension, 
leaving  a cylindrical  cavify  with  relatively  large 
radial  cracks. 

Experimental 

The  polycrystalline  aluminum  oxivie  material 
used  for  the  fracture  studies  was  prepared  from 
Linde  A aluminur  oxide  powiier  doped  with  0.1  w o 
magnesium  oxiiie.  T’le  powders  were  mi’led  in  a 
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vibratory  energy  Sweco  mill  for  2 hr.  using  isopropyl 
and  polyvinyl  alcohols,  and  then  dried  for  - 20  hrs. 
Consolidation  was  achieved  by  vacuum  hot  pressing 
at  140(fC  for  1 hr.  The  resultant  material  was 
' 99T  dense  and  had  a grain  site  of  ' 2um. 

One  set  of  samples  was  prepared  by  cutting 
rectangular  (20  x 6.6  x 1.3  nin)  beams  from  the  hot- 
pressed  disc,  and  rotary  grinding  the  surfaces. 

Then,  a through-thiclmess  0.7  mii  radius  hole  was 
introduced  into  half  of  the  samples  (Fig.  8a)  by 
diamond  core  drilling  followed  by  reaming.  The 
second  set  of  samples  was  obtained  by  consolidating 
material  containing  a I27v.m  W wii-e.  Rectangular 
beams  were  then  cut  such  that  the  wire  was  ih  a 
through-width  orientation  (Fig.  8b).  Finally,  the 
H wire  was  removed  by  oxidicing  in  air  for  2 hr.  at 

iiso-c. 


b) 
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Fig.  8 (a)  The  drilled  hole  configuration. 

(b)  The  hole  configuration  obtained  using 
k wires. 

(c)  A fracture  surface  for  a sample  with  a 
hole  produced  by  a W wire;  the  initial 
length  of  the  radial  crack  is  indicated 


Strength  tests  were  performed  on  each  sample 
using  a conventional  four  point  flexuiT  fixture  with 
outer  and  inner  spans  of  19  and  6 mm,  respectively. 
The  tests  were  conducted  in  a dry  nitrogen  environ- 
ment and  at  a rapid  stress-rate  (180  Mi'a  s"'),  to 
minimize  the  influence  of  slow  crack  growth. ‘ The 
fracture  surface  of  each  sample  was  examined  in  the 
optical  or  scanning  electron  microscope,  in  an 
attempt  to  identify  the  origin  of  fracture. 


Results 

The  strength  results  obtained  for  the  machined 
samples  are  plotted  in  Fig.  9.  The  results  for  the 
expansion  induced  cracks  are  sunmarized  in  Table  I. 
As  anticipated,  the  presence  of  the  holes  reduced 
the  strength.  Inspection  of  the  samples  containing 
the  drilled  holes  indicated  that  the  fracture 
always  traversed  the  bole;  but,  fracture  initiation 
could  not  always  be  unambiguously  determined  to 
occur  from  sites  on  the  cavity  surface.  Examination 
of  the  fracture  surfaces  of  the  samples  prepared 
with  W wire  indicated  a clear  demarkation  of  the 
profile  of  the  radial  crack  that  initiated  failure 
(Fig.  8c). 


Fig.  9.  A comparison  of  the  fracture  strengths  o^' 
samples  with  and  without  drilled  holes, 
showing  the  strengths  of  the  latter 
predicted  from  the  former. 
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porltnoiit  to  o.ii  h stronoth  lovol  w.is  o v.i  I u.i  I oil  hi 
isiiployino  tho  ino.isuroil  polyiryst.il  I too  h , ol 
•1  MI'.i  .III).  Iho  pioillitoil  slionolhs  In  Iho  piosi'iuo 
ol  Iho  holo  .110  ploltoil  on  I lo.  Iho  pivilli  toil 
v.iluos  lonloriii  lol.itivoly  I'losoly  to  Iho  mi'.isuroil 
v.iluos  .it  l.ir.ii'  prob.ib  1 1 1 1 ios  { -0.1').  but  .ilforil 
.1  subsl.iiit  l.il  uiiiloii'st  liiHio  .It  lowor  |irob.ibl  1 1 1 ios  . 
lo  .issi'ss  tho  iHissiblllly  th.il  Ir.uluro  Iroin  ii'rnor 
silos  (soo  III).  1)  iiilohl  bo  Iho  orloln  ol  Iho  ills- 
iro|i.iniy  .i|  low  |iiMb.ib  1 1 1 1 Ios  . Iho  loriior  1 1 .ii  k 
lOrroi  I ion  l.ii  lor  (Soi  l Ion  Is  .ippl  loil  lo  ; . 

.iiiil  Ihr  fr.i.turo  prob.ib  1 1 1 1 Ios  ro  I'v.il  u.it  Oil . Iho 
ri'sults  .iro  ploltoil  m lli|,  . A iiiui  h i losoi  lOrros 
poiiilonn'  with  tho  il.il.i  .it  low  Ir.utuio  prob.ib  1 1 1 1 Ios 
Is  .ipp.iront . suuiiost  lni|  th.il  Iho  ti.iiUiios  In  tho 
low  prob.iblllty  is'illiiio  oiiur  pi  l 111.111 1 y Irom  coriior 
silos.  Ilowovor.  tho  li  .ii  loiir.iphli  ovl.loiiio  is  nol 
sul  I 1 1 ii'iil  I y llo  1 1 11 1 1 Ivo  lor  this  suipiost  Ion  lo  bo 
I ul  1 y subs!  .ml  I. it  ml . 

As  .111  iiiilli'.it  ion  ol  Iho  Inlliioiiio  oi  Iho  ilis- 
trlbullon  p.ir.iim'lor  m on  tho  sliviuith  roilin' I Ion 
ol  loi  toil  by  ,1  i yl  liiilrU'.il  Ixilo,  tho  stroiuitli  rutlo 
.It  lonst.inl  prob.ib  1 1 1 1 V Is  ilorlyoit  lor  tho 
spoi'TlIi'  spoi'liiion  iiooiiiotry  usoil  In  tho  prosont  li'sls, 
.Hill  lor  .1  stronulh  lovol  ol'  '.’Oil  MI’.i  (this  I'.it  lo  Is 
liiiloiioiiik'iit  ot  tho  si'.ilo  p.ir.iiiiotor  S^,).  Iho  rosults 
tor  .1  siirl.ii  o cr.ii'k  .iiul  .1  lornor  cr.ii  k .iro  ploltoil 
in  lli|.  It).  Nolo  th.il  tho  sirongth  0.1110  .ilw.iys 
oscooiK  Iho  v.iluo  ospoi'toil  Iriyii  tho  stivss  coi  011- 
Ir.illon  l.ii'tor  (0..1.1). 


riq.  10,  Th(»  sffmt  of  tho  »h«pp  puriiwtor,  m.  on 
tho  rolotlvo  strengths  of  sumples  with 
unit  without  ill'll loil  holes. 
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Iho  rjiH.il  i.r,ukN  toil  tiy  tiu'  (iitn'U  .it  (on 

of  covUtfs  tiMiu  lit  wVios  .nn'CAf  to  t"?  ' ?>'  (n  U'n.)tti 
(f(i|.  Hi).  1(10  sti'osN  (ntons(tv  t.iitoo  soUit(ons 
(l(il,  1)  wouK(  (ruKioto  t(i>it  Iho  c.vl  ttK(r(i  .i1  (into 
slionlil  oxovt  .1  minor  (ntluonio  on  ttio  oxtonslon 
lOnilitlon  tor  r.i.K.il  ir.ii(.\  of  this  iivinn  1 tiulo . (low 
ovor,  sovor.l1  r.iiK.il  or.n  ks  of  v.irl.ihio  longth 
onvin.ito  from  o.uh  c.ivlti  (ut'  to  .1  m.islimim  of  h). 
Also,  tho  cr.ii'k  lonoths  .iro  .i  s (uni  t to.int  fr.iitton 
Of  tho  s.miplo  thloknoss.  Iho  iiu.int  (t.it  (vo  (ntor- 
(irot.iflon  of  tho  iuMsuis'il  fi'.utiax'  stis'n.ith  (n  ttio 
proMMUo  of  thoso  or.ii'ks  Is.  thori'toro,  .1  conv't's 
.m.ilvttc  prohlom.  Ono  s.implo.  for  whtih  those  . iwi 
plosttlos  ,iTv  mtn)m(;oi1,  h.is  hoon  i hoson  tor  .in.ils- 
sls,  this  s.impto  Vstron.ith  .’04  Ml’.i)  h.iO  tivo  rr.liks, 
with  tho  l.ir.iost  noiiii.l1  to  tho  s.impio  ,is1s  ,iiul  tho 
othors  .It  oriont.it  Ions  -i/'l.  Ir.n'tuii’  oociirroit 
from  tho  cr.uk  nonisi  1 to  ttio  s.impio  .i\1s  (llg.  He). 
Initl.illv.  If  tho  oftocts  ot  tho  s.miplo  hooiul.lrlos 
.111.1  tho  othor  r.uK.il  cr.u  ks  ,iro  nisiloi  toil,  tht- 
stivss  tntonsitv  t.iitor  .it  tho  cr.ick  fixnit  closost 
to  tho  tonsilo  suit.lio  Is, 
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A mothoil  tor  proitlctlnij  fracturo  I'lMh.ihl  1 1 1 (os, 
whon  tiactnro  occurs  from  cavities,  has  heon  toiiiKi 
latiHl  ti.y  comhinini)  concepts  from  linear  elastic 
fracture  in'ihanlcs  aivt  from  fractuiv  statistics, 

Iho  ii»-thoi1  has  tnH'ii  apptloit  to  cylltulrical  cavities, 
using  the  best  av.it1.ih1e  fracture  mechanics  anil 
statistics  solutions.  Iho  saiim  haste  pivceiture  can 
Incorporato  (iiit'roveil  fr.icturo  im-chaiitcs  solutions, 
as  thov  onmigo.  tho  analysts  ih'wnst rates  that 
tiactuiv  frimi  cavl  t les  .leponils  on  the  fl.iw  impula- 
tlon  that  exists  at  the  cavity  surface,  the  si.’e  of 
the  tl.iws  relative  to  tho  cavity  raillus  aiul  on  tho 
stress  flolil  aiyiunit  tho  lavlty.  Iho  Intorpretat  ton 
aiiit  proillctloii  of  fracture  regulres  a ilotathst 
knowloilge  ot  each  of  thoso  Influoncos.  Otherwise, 
tho  iiitorprotat  Ion  can  only  ho  suhjective.  Ihis 
Issue  Is  aililrossoil  iihuv  oxtonsivoly  In  the  companion 
paper.  In  the  contovt  ot  tractuix*  t rora  spherical 
I av 1 1 (os. 

1 xperlmontal  results  ohtalnoil  on  Ai  n't  samples 
containing  ivliiulrual  cavities  anil  rolallvolv  will- 
iloflnoil  surface  .rack  illstrihut  tons  lintiiato.l 
reason, ihlo  corrosiHinilonco  with  tho  thoorv.  tho 
iiia.lor  uni  ortaint  tos  .lofivo  frivii  ina.1o.)uato  stress 
Intonsitv  factor  solutions  for  cr.iik  configurations 
of  practical  Interest.  Ihls  is  an  area  for  future 
s t Oily. 


ArriNI'lX  1 

I'otlnlmi  s*  as  tho  flaw  strongth.  or  the 
applloil  stii’ss  inx’ilo.1  to  cause  unstahlo  era.  k 
oxtonsion,  tgn.  (I’ll  .lives 
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wivro  .l*•.'^.1lrl,  ^ Is  tho  outer  tihor  stress  aiut 

h IS  tho  ilistaiico  Sotwooii  surface  an.t  tho  irack 
front  An  approxIiMto  luppor  houii.H  corroi  t Ion  tor 
the  (nfliioiiio  ot  tho  houn.I.irv  can  ho  I'.'.luco.l  t ixnii 
Islila's  results''’  tor  a strip  contalnliui  an  ocion 
toll  iiaik  lor  tlH'  present  prohlom  a It.iaiix'iit 
wiilth  h .’a*  f the  stii'ss  intonslti  taitoi  at  tho 
upper  iiack  front  coul.l  ho  lar.ior  th.in  that  anticl 
pato.l  t I'om  Ign.  VlKl.  hv  l.'W.  A maxiimm  posslhlr 

lorroition  for  tho  (ntluoiiio  of  tho  iithor  ra.llal 
iiM.ks  .limes  from  West nsin’s  solution'’'  tor  the 
pressuri .-Oil  star  cr.iik.  for  e ci  iiks,  tho  corroction 
IS  O.H. 
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Ihon,  ilotining  tho  apparent  stix'iigth  s as  the 
strongth  of  a flaw  oxposoil  to  a unHomi  tension 
ogual  to  that  at  tho  . ai  1 1 v surf.iio, 

S ■if  k,.  '7.3H  I a 


I'omhlning  Igns.  fM'  aivl  lA.''  violils. 


Inserting  ttio  I'XMsuroil  toughness  (.1  MP;  i.ml, 

I r.ii  k length  (I'lO  i.m',  hole  raillus  (’’  lanl  an.l 
ligaifnt  itepth  (■li'll  ..m'  Into  Ign.  (IS),  (ho  traituio 
.trongth  is  proilicte.1  t.'  ho  .’O'  MI'a  Iho  houn.I.irv 
lOrroi  til'll  iloi  ivasos  tho  proiKitoil  strongth  to  a 
ininimum  of  I'h'  MI’a,  while  tho  cr.iik  1 iitova.  1 1 on 
lOiroition  liiiioasos  Iho  strongth  to  a iisixlmum  of 
MI’a.  Iho  latter  . anno  I ho  ivconclloil  with  tho 
nxMsiiroil  strongth  (.’O')  MI'a  1 , liulliatlng  I h.' t tho 
i r.ii  V Intel  a.  t Ion  oftoit  is  of  minor  (mportani  o in 
this  I list  an.  0 Ihon,  tho  rolatlvolv  gooil  lorrola 
t ion  of  tho  single  . r.ii  k solution  with  the  mo.isuii’il 
stiongih  toiiils  to  .onflrin  that  the  prossuio  of  tho 
lontral  hole  ha. I little  influonco  on  tho  ir.Xik 
ox  tension  i on.ll  t Ion 
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ABSTRACT 

Eracture  probabilities  associated  with  spherical  cavities  have  been  analyzed,  by  comtiining  principles 
of  fracture  mechanics  and  fracture  statistics.  The  analysis  considers  that  fracture  occurs  from  a distri- 
bution of  cracks  located  at  the  cavity  surfaces.  It  predicts  effects  of  cavity  size  and  cavity  volume 
content  (porosity)  on  strength,  that  depend  sensitively  on  the  flaw  population  vis-a-vis  the  cavity  size 
distribution.  The  theory  is  shown  to  have  limit  solutions  that  coincide  with  several  earlier  models  of 
fracture,  derived  for  (Hirous  ceramics.  The  predicted  effects  of  pore  size  on  strength  are  compared  with 
some  available  data. 


INTROpuCTipN 

In  a companion  paper,'  a general  approach  for 
predicting  fracture  from  cavities,  by  combining 
linear  elastic  fracture  mechanics  solutions  with 
statistics  solutions,  has  been  described:  and 
applied  to  cylindrical  cavities.  The  method  is 
extended  in  this  paper  to  include  the  analogous  con-  } 
siderations  pertinent  to  spherical  cavities.  Again,  ~ 
the  emphasis  is  on  the  approach,  recognizing  that  ! 
the  available  fracture  mechanics  and  statistics 
solutions  are  inadequate  in  some  instances.  Improved 
solutions  can  be  incorporated,  using  the  same  general 
approach,  as  they  emerge. 

Eracture  mechanics  solutions  for  cracks  emanat 
ing  from  the  surface  of  spherical  cavities  are  exa- 
mined in  the  first  part  of  the  paper.  The  best 
available  solutions  are  then  combined  with  statis- 
tical results  - derived  for  the  stress  field  around 
spherical  voids  - to  obtain  preliminary  relations 
between  the  fracture  probability,  the  cavity  size 
and  the  surface  flaw  size  distribution.  Finally, 
the  implications  of  the  analysis  for  the  effect  On 
strength  of  individual  voids  and  void  arrays  (poro- 
sity) are  discussed. 

STRESS  INTENSITY  FACTOR  SOI  OJ.IpNS 

The  first  problem  of  interest  pertains  to  the 
equatorial  annular  crack  emanating  from  a spherical 
cavUy  (Fig.  1).  The  tensile  stress  Oj  norml  to 
the  crack  plane,  for  a remote  stress  n„  is*’ 


Fig.  1.  Stress  Intensity  factor  solutions  for  an 
annular  crack  emanating  from  a spherical 
cavity. 

The  general  linear  superposition  function  used  for 
three-dimensional  problems  of  this  type  is,'--' 


•'l/  * 

‘A-o 


where  v is  Poisson's  ratio  and  x is  the  distance 
from  the  center  of  the  sphere  (Fig.  1).  An  estimate 
of  the  stress  intensity  factor  for  the  annular  crack 
can  be  obtained'  by  imposing  this  stress  onto  the 
surface  of  a penny  crack  (Fig.  1). 


If 


o'(y»y[l-( 


[l-2(y/a)cosi)r+(y/a)^] 


where  y is  the  radial  distance  from  the  crack  center 
* is  the  angular  location  with  respect  to  the  crack 
front  position  of  Interest  and  a is  the  crack  radius 
(see  Figs.  1,2).  The  synmetry  of  the  annular  crack 
problem  provides  the  following  simt'l  ification;  1(1*11 
and  x*y . Substituting  Fgn.  (I)  into  (2)  then  gives; 
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The  solution  is  ot'tdined  h.v  nottni)  that  v dtid  y are 
related  hy; 
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(3) 

where  \»,v'a.  Inteoration  of  [qn.  (3)  for  v*0.? 
qives  the  result  plotted  in  fig.  1.  Studies  on 
radial  cracks  enunatiny  from  cylindrical  cavities''3 
have  indicated  that  this  type  of  solution  is  most 
pertinent  for  relativelv  large  cracks  (a'r  X 1).  For 
smaller  cracks,  the  presence  of  the  cavity  surface 
allows  an  enhanced  crack  opening  that  tends  to  aug- 
ment (toward  the  edge  crack  solution,  viiK/2o,„,a» 
3.5?).  This  small  crack  limit  was  recognised  by 
Paratta**  in  his  development  of  an  interpolation 
solution  for  the  annular  crack  problem.  The  inter- 
polation solution  for  v*0.?  is  plotted  in  Fig.  1. 
This  solution  predicts  k values  appi-eciablv  larger 
than  the  superposition  solution,  for  all  a/r. 
Additional  studies  are  clearly  needed,  but  for 
present  purposes,  it  is  assumed  that  the  superposi- 
tion solution  is  the  more  precise  at  large  a'r  (*1) 
and  that  the  interpolation  solution  is  suiieripr  at 
small  a'r  (-  lO'M  - suggesting  the  inteimn'diate 
solution  plotted  in  Fig.  1. 

The  second  configuration  of  interest  is  the 
partial  circular  crack  on  the  surface  of  a spherical 
cavity  (Fig.  2).  For  this  case,  consider  the  crack 
shown  in  Fig.  2,  located  such  that  the  crack  plane 
is  noniial  to  the  applied  tension.  Superposition 
solutions  for  surface  cracks  usually  invoke  a symnie- 
tric  image  crack  (and  then  apply  a surface  correc- 
tion). Howf'ver,  in  the  present  problem,  the  curva- 
ture of  the  surface  perturbs  the  symnH'try  (Fig.  2). 
An  approximate  solution  is  thus  obtained  by  assuming 
that  the  stress  field  for  the  crackimage  combina- 
tion is  symmetric  about  the  surface  tangent  00' 

(Fig.  2).  This  solution  should  be  most  pertinent  at 
small  a/r,  where  the  surface  perturbation  is  small. 


VI  I I 
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Fig.  2.  Stress  intensity  factor  solutions  for  an 
annular  crack  einanatinq  from  a spherical 
cavity. 


where  is  the  angle  shown  in  Fig.  2;  then,  substi- 
tuting Iqn.  (1)  into  [gn.  (2)  gives; 
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Xd-x’)** 
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[2l7-5r)n'T-5‘;)d*X>  sin(»v<>'ir-^*9iUX>Sin(»*0l^~h.ivna. 
2[l-2XcosiF+X^](7-5t') 


witere  > r'a.  Integration  of  Fqn.  (s)  foi'  » « 0 
and  t/?  yields  the  results  plotted  in  Fig.  2,  for 
V • 0.2.  The  stress  intensity  factor  at  f • '/2  is 
likely  to  be  slightly  enhanced  by  the  presence  of 
the  surface,'  by  up  to  ' 1.05  for  small  a'r;  while 
k at  'f  ■ 0 may  be  augmented  by  up  to  '1.2.3.  Allow- 
ing for  possible  corrections  of  this  magnitude,  a 
comparison  of  the  partial  circular  crack  lesults 
with  the  annular  crack  result  indicates  that  k for 
the  former  is  clearly  the  smaller  at  small  a r 
( 0.5).  Partial  circular  cracks  in  this  site  range 

should  thus  extend  unstably  in  the  pivsence  of  a 
critical  applied  stress.  However,  for  larger  a/r 
(Al)  the  stress  intensity  factor  for  the  annular 
crack  may  he  smaller;  suggesting  the  iK>ssible  sub- 
critical  extension  of  a partial  circular  crack  into 
an  annular  crack  (analogous  to  the  behavior  proposed 
for  cylindrical  cavitiesl'.  These  considerations 
suggest  that  the  resultant  stress  intensity  factor 
at  criticality  might  exhibit  the  form  depicted  in 
Fig.  2;  whicTi  is  used  herein  as  the  "best  available" 
solution  for  surface  cracks  associated  with  spheri- 
cal cavities.  A convenient  analytic  expression  for 
K deduced  from  Fig.  2 is; 


,nk/2  o-„v  a 


1 ♦ O.3[0.21  ♦ a/r]' 


(bl 


smjsTicAL  analysis 


Fracture  probabilities  for  spherical  cavities 
at  small  a'r  have  been  evaluated^  assuming  a noriwl 
tensile  stross  criterion,  and  using  Weibull's  multi- 
axial  stress  method  for  flaws  of  a single  (X'pulation 
distributed  throughout  the  volume  of  the  body.  A 
different  analysis  is  presented  in  this  paper, 
which  uses  a more  fundamental  statistical  method  for 
treating  multiaxial  states  of  stress*'.^,  and  applies 


the  approach  to  a distribution  of  flaws  at  the 
cavity  surface.  For  flaws  located  at  the  surface 
of  a spherical  vavity,  the  only  stresses  that  exist 
are  the  tangential  stresses, ^ 


[4-ie  ♦ 5cos2s] 


(7) 

3 (T 

'«•  n'r-SM  l5"Cos2f-l  1 
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where  » is  the  anyular  coordinate  with  respect  to 
the  equatorial  plane  (Fly.  3). 


Fly.  3.  The  statistical  para.neter  C(ni)  derived  for 
a spherical  cavity  subjected  to  a uniaxial 
tension  o.,.  Also  shown  Is  tne  anyular 
coordinate  8 used  to  describe  ^he  stress 
variation,  and  the  unit  sphere  used  for 
statistical  analysis. 


The  statistical  problem  Is  thus  concerned  with 
the  analysis  of  biaxial  fracture.  Only  the  zone  of 
tension  Is  of  Interest.’  For  v *0.2,  is  tensile 
In  the  range  0.35iT<e<  -0.35  . The  corresponding 
Is  compressive.  The  tens lon/coinpresslon  quadrant 
thus  pertains.  The  fracture  criterion  that  has 
most  successfully  described  multlaxial  fracture' 

(as  well  as  angular  dependencies  of  fracture^)  in 
ceramics  Is  that  based  on  the  co-planar  strain 
energy  release  rate*: 


2 2 *V 

f " (2-v)^ 


(8) 


where  S,  Is  the  flaw  extension  stress  In  equl- 
triaxlai  tension,  ts  the  tensile  stress  normal 
to  the  flaw  and  Is  the  maximum  In-plane  shear 
stress.  For  flaws  located  In  the  surface  element 
dA  of  a unit  sphere  (Fig.  3)  that  contains  a com- 
plete sampling  of  flaws  of  all  (random)  orienta- 
tions," the  stresses  and  are  related  to  the 
stresses  '’e  and  and  the  angles  ♦ and  v defined 
In  Fig.  3 by; 

■ cos’iAfa,  sin  it+o^'^cos  ii<+2orjt^cos‘V/s1n‘^ii/J 


• COS^i^[ir„^Sln^(l-COS  ^sln^) 

♦ o-^^cos^ (l-cos?(>  cos^il. ) ♦airjjir  cos^dicos^i/is  1 n^iii  ] 


If  the  strength  distribution  In  triaxial  tension  is 
now  defined^  bv  a Welbull-type  function,  with  a 
scale  parawter  Sq*  and  a shape  paraneter  k. 


consideration  of  the  eight  equivalent  areal  elements, 
dA  - cos^d.tdi<'  (Fig.  3),  allows  the  biaxial  strength 
distribution  function  to  be  derived,  for  given  a’; 


cosdxjifxWxdS.^ 


11) 


where  y*(8)  Is  the  value  of  at  which  o_  first 
becomes  negative,  as  deduced  from  Eqn.  (d).  Then 
substituting  Eqn.  (11)  Into  the  weakest  'Ink  formu- 
lation,’ >8  • ' 


S 

* (S)  • 1-  exp|  - / dA  y g(S)dS  j 
A 0 


allows  the  probability  of  fracture  from  the  cavltv 
to  be  expressed  as; 


*Th1s  criterion  has  been  used  with  good  success  for 
stress  conditions  wherein  Is  tensile.  It  cannot 
be  expected  to  apply  when  o„  Is  compressive.  In 
the  present  analysis,  the  fracture  probability  when 
"n  compressive  Is  assumed  to  be  zero.  This  will 
lead  to  underestimates  of  the  failure  probability 
, by  an  amount  that  depends  on  the  Initial  opening 
of  the  flaw,’”  I.e.,  If  the  Initial  crack  opening 
Is  small,  as  expected  for  the  flaws  of  present 
Interest,  the  underestimate  will  also  be  small. 


J 


17  ' 


S*  derived  from  Eqn.  (6)  is; 


/ 


V2 

cos«cos« 


♦ (5vcos28-l)^  cos^sInV 


^ ■ 0.33  ♦ 2(0.11  - 0.21a)^''^cosh(X/3)  = 0(a) 

S 

where 

(W) 

X-  cosh'^  (0.037  + 0.021a)/(0.11  - 0.21a)^''^ 
and 

a.  (Vr)(^/S*)^ 


♦ 2(4-5v  + 5cos29)(5vco$29-l)cos2#cos^sln2* 

♦ (4/(2-v)2)  (Svcos29-l)^sin^9(l-co$^$in^9) 

> (4-5  v+  5cos29)2cos2#(l-cos2*cos2f)  ♦ 2(4-5v 


This  solution  applies  for  avO.52;  the  corresponding 
sinh  solution  applies  of  o'0.52.  The  function  D(a) 
Is  plotted  In  Fig,  4, 


+ 5cos2d) 

(5t^os29  -l)cos^9cos^s1n^9 
£8r^B(k,v)  Sg*(sf/S^*)'‘*^ 


I I (k*l)/2 
' I 

/(k*l) 


dvd9d9 

(13) 


where  s£  Is  the  value  of  the  applied  stress  o„  at 
fracture,  In  the  presence  of  the  cavity.  The  equi- 
valent fracture  probability  for  uniaxial  tension 
has  been  derived  as;^ 


-lhCl-4(sl)l  ■ AgIJk,v)  Sj,*  (S“/S^*)'‘"V(kn) 

(14) 


where  Ag  Is  the  gauge  surface  area,  SiJ  Is  the 
applied  stress  at  fracture  and  l|,(k,v)  Is  a function 
that  relates  the  uniaxial  strength  to  the  triaxial 
strength.'  Expressing  Eqn.  (14)  In  a notation  con- 
sistent with  the  more  conventional  Welbull  formu- 
lism,'! 


-In[l-*(S“)]  - Ag(S“/Sg)"’  , 


(15) 


where  the  scale  and  shape  functions  are  now  Sq  and 
m,  and  substituting  Into  Eqn.  (13),  the  fracture 
probability  for  the  cavity  becomes; 


-lntl-*(S^)]  • 8r^  C(m,v)(S^/Sg)'"  (,6) 

where  C(m)  Is  plotted  In  Fig.  3,  for  v*  0.2.  A 
useful  analytic  approximation  Is,  C(m)  ' 
exp  (0.52m-1.4  1.  Comparison  with  the  companion 
paper'  Indicates  that,  for  the  same  area  of  cavity 
surface  and  the  same  flaw  population,  the  proba- 
bility of  fracture  from  a spherical  cavity  Is 
smaller  than  that  from  a cylindrical  cavity. 


Fig.  4.  The  stress  gradient  factor  D(a)  for  a 
spherical  cavity. 

Assuming  that  a similar  relation  pertains  for  all 
flaw  locations  and  orientations  In  the  tensile 
range,'  the  fracture  probability  becomes; 

-In[l-*(SJ]  ° 


where  S„  is  the  new  value  of  the  applied  stress  at 
fracture.  The  fracture  probabilities  predicted  by 
Eqn.  (18)  are  plotted  In  Fig.  5,  as  a function  of 
the  normalized  strength  (5.^Sp),  for  several 
relative  void  radii  (r/r  ) and  a typical  m of  4; 
rf,  and  kevroSg'  are  chosen  to  be  unity.  The 
probabilities  obtained  from  Eqn.  (lb)  are  also 
plotted  for  comparison.  The  same  trends  found  for 
the  cylindrical  cavity  are  evident,  but  ai^  accom- 
panied bv  smaller  reductions  in  the  fracture 
probabi 1 1 ty . 


Now,  useing  the  sanic  procedure  described  for 
the  cylindrical  cavity,'  a stress  gradient  correc 
tion  can  be  applied.  The  effective  flaw  strength 
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Fig.  5.  Fracture  probabilities  for  spherical 
cavities  plotted  as  a function  of  the 
relative  strength,  for  a value  of  the 
shape  parameter  m • 4. 


EFFECTS  OF  POROSITY  ON  STRENGTH 


Cavity  Arrays 


In  porous  ceramics,  if  the  porosity  is  low 
enough  that  pore  interaction  effects  cannot  occur, 
the  probability  of  fracture  from  flaws  distributed 
at  the  pore  surfaces  can  be  determined,  in  the 
usual  way^'^'^  from  the  product  of  the  survival 
probabilities  of  individual  cavities.  For  a pore 
site  distribution  a(r)dr  {i.e.,  the  fraction  of 
pores  in  the  site  range  r to  r*dr)  the  probability 
Of  failure  volume  V subjected  to 

uniform  tension,  derived  ♦rom  Eqn.  (18),  is; 


tm 

S ^ /* 

ln[l-*,  (SJ]  - 4Nv(^)  J • (r)r’o"'(c»)dr 


min 


(IS) 


where  r_.jj  and  are  the  radii  of  the  largest 
and  smallest  pores,  respectively;  N is  the  number  of 
pores  in  unit  volume,  which  is  related  to  the 
porosity,  P,  by; 


P • 


(20) 


For  pores  of  uniform  si/e  r,  tqn.  (I'J)  becomes; 

-|n[l-*f  (S  )]  • ^(^)  C(iii)0"'(a)  (21) 

nr  0 ' 

Hence,  in  the  limit  a.fr  • 0,  where  0 is  independent 
of  r,  the  fracture  probability  for  a fixed  flaw 
population  is  expected  to  slightly  increase,  (i.e., 
the  strength  to  decrease)  as  the  pore  racRus 
decreases.  This  condition  arises  because  the  rela- 
tive cavity  surface  area  increases  as  the  cavity 
radius  decreases,  permitting  a more  extensive 
sami'ling  of  the  flaw  population.  (It  should  be 
noted  that  this  cavity  size  dependence  does  not 
exist  when  fracture  initiates  from  voTuiie  distri- 
buted flaws^).  However,  the  trend  with  cavity 
radius  is  counteracted  by  the  decrease  in  D, 
associated  with  the  concurrent  incivase  in  a/r.  The 
resultant  variation  of  strength  with  the  relative 
cavity  radius  (r/rg)  at  constant  porosity  (0.1)  is 
plotted  at  constant  pivbability  in  Fig.  6.  These 
strengths  scale  with  porosity  through  the  samjile 
proportionality,  p-l/m.  (It  is  re-emphasized  that 
the  analysis  is  only  valid  when  there  is  no  signi- 
ficant pore  interaction;  the  imt'l  ications  must, 
therefore,  be  restricted  to  low  porosities.) 


Fig.  b.  Effects  ot  relative  pore  radius  r on  the 
relative  fracture  strength  at  constant 
probability,  plotted  for  three  m values 
and  a porosity  of  0.1. 

It  is  eviiient  from  the  quite  extensive  reginx'  of 
increasing  strength  (with  decreasing  void  radiusl 
that  the  influence  of  the  stress  gradient  paranvter 
0 is  dominant  over  a wide  range  of  void  radii.  Ihe 
inference  of  this  result  is  that  the  strength  for  a 
fixed  flaw  population  can  be  maximized  either  by 
collecting  all  of  the  porosity  in  a small  number  of 
large  voids,  or  by  producing  voids  of  optimum  size, 
r* . However,  the  former  will  not  normally  be  a 
practicable  solution.  The  latter  should  be  feasible 
but  the  possibility  of  other  modes  of  fracturo 
occurring  at  small  void  sizes  may  pie-enn't  the 
develoimtent  of  a strength  maximum  in  many  ceramic 
polycrystals.  Also,  for  various  microstructural 
reasons,  the  flaw  population  may  change  as  the  ixxre 
size  changes,  (e  g.,  an  increase  in  the  scale  f.ictO' 
Sp  as  the  pore  size  im'reasesl,  leading  to  more 
substantial  effects  of  pore  size  on  strength  than 
predicted  by  Fig.  b 


r 


m 


There  are  very  few  data  in  the  literature  con- 
cerning the  effects  of  pore  size  on  strength.  The 
most  comprehensive  are  data  on  borosilicate  glass 
obtained  by  Bertolotti  and  Fulrath.l^  These  data 
re-examined  in  the  context  of  the  present  nxjdel , 
even  though  the  uncertain  influence  of  surface 
cracks  (machining  flaws)  on  the  fracture  data 
detracts  from  the  utility  of  the  correlation.  For 
comparison  with  the  nxjdel,  the  appropriate  values 
of  D(a)  are  first  otptained  for  each  void  size,  using 
a Kc  of  0.7  MPa  7m. Then,  the  shape  parameter  m 
is  estimated  from  the  pore  volume  dependence  of  the 
strength  at  low  porosity  (S  “ P'vm)  - and  found  to 
be  in  the  range  10  to  20.  The  fracture  strength, 
relative  to  the  strength  of  the  samples  with  the 
largest  voids,  can  then  be  computed  at  constant 
failure  probability,  by  direct  insertion  of  these 
guantities  into  Eqn.  (21).  The  results  for  m values 
of  10  to  20  are  plotted  in  Fig.  7;  also  plotted  on 
the  figure  are  the  data  obtained  from  Bertolotti  and 
Fulrath,  at  three  levels  of  porosity.  The  predic- 
tions tend  to  slightly  underestimate  the  neasured 
pore  size  dependence.  The  uncertainty  in  the  origin 
of  failure  for  the  test  samples  prevents  definitive 
conclusions  frem  the  comparison.  More  precise 
experiments  are  needed  to  determine  the  principal 
deficiencies  of  the  theory,  in  its  present  form. 


Fig.  7.  A comparison  of  the  predicted  effects  of 
pore  radius  on  the  strength  (at  constant 
porosity  and  constant  probability)  with 
data  obtained  for  borosilicate  glass. 


* Isol a ted  Cavi ties 

The  effects  of  the  size  of  an  isolated  cavity 
on  strength  ;an  be  deduced  directly  from  Eqn.  (18). 

I These  effects  are  plotted  at  constant  probability 

I in  Fig.  8,  to  demonstrate  that  there  are  no  simple 

I relations  between  defect  size  and  strength.  How- 

ever, a close  examination  of  Eqn.  (18)  indicates 
! important  fracture  trends,  and  illustrates  the 

relation  between  the  present  analysis  and  earlier 
1 nodels  of  fracture  from  voids.'^>^5  por  large  values 

of  the  shape  parameter  m,  there  is  a high  probabi- 
lity  of  a flaw  at  the  large  extreme  of  the  popula- 
tion being  located  at  the  position  of  maximum  ten- 
sion on  the  cavity  surface.  Therefore,  if  a Is 
I small  (small  a/r),  D(a)  ^ 1,  and  Eqn.  (16)  applies. 

The  strength  will  then  be  related  to  that  of  a 

I 


sanple  without  cavities  (Eqn.  15)  by  the  factor 
C(m)-Vm,  Applying  the  analytic  approximation  for 
C(m)  indicated  on  Fig.  3,  this  factor  (at  large  m) 
is  '-1.92,  i.e.,  equal  to  the  stress  concentration 
factor.  The  connection  with  the  stress  concentra- 
tion factor  model  is  thus  established.  Alternately 
if  a is  large,  D(a)  tends  to  0.5  and  exactly  cancels 
C(m)  in  Eqn.  (18).  The  strength  is  thus  identical 
to  that  expected  for  a crack  located  at  the  cavity, 
i.e.,  it  is  equal  to  the  strength  in  tension  given 
by  Eqn.  (15).  The  connection  with  the  cavity/crack 
equivalence  model  is  thus  apparent.  For  sniaJJ  values 
of  m,  there  is  a low  probability  of  an  extreme  value 
flaw  being  located  at  the  position  of  maximum  tension. 


Fig.  8.  Predicted  effect  of  the  relative  cavity 

radius  on  the  relative  strength  for  a body 
containing  a single  cavity  of  the  specified 
size.  Results  are  presented  for  two  values 
of  the  shape  parameter  m. 


fence,  C(m)  ' 1 (see  Fig.  3),  and  the  influence  of 
the  cavity  on  strength  is  quite  minimal.  For  small 
>,  the  effect  of  the  cavity  tends  to  reduce  to  a 
level  similar  to  that  expected  from  the  increased 
surface  area  provided  by  the  cavity.  For  larger  a 
the  effect  is  even  smaller.  The  connection  with 
models  based  on  the  void  area  is  thus  established. 
For  Intermediate  values  of  m and  the  present 
model  predicts  strength  effects  that  range  contin- 
ually between  the  limit  solutions  provided  by  the 
earlier  models.  It  should  thus  exhibit  the  versa- 
tility needed  to  account  for  many  oi  the  trends 
observed  experimentally.  However,  it  is  enphasized 
that  certain  important  phenomena  are  not  yet  incor- 
porated in  the  model  (such  as  the  linking  of  subsur- 
face pores  with  surface  cracks),  and  that  the  stress 
intensity  factor  solutions  are  approximate.  There- 
fore, much  additional  analysis  is  still  needed  to 
develop  the  present  model  into  a universal  model  of 
cavity  fracture. 

Finally,  the  prediction  of  failure  from  isola- 
ted cavities  in  dense  ceramics  can  directly  utilize 
Eqn.  (18),  when  the  cavities  are  nearly  spherical 
in  shape.  The  probability  of  service  failure  from 
cavities  tp,  at  a stress  level  e based  on  a non- 
destructive characterization  of  the  cavity  dimen- 
sions, if  all  cavities  with  an  Interpreted  cavity 
radius  r9  are  accepted,  is,  ^ 
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" J"  y y « (S^)«'(r./r)»(r)drdr  .dS^ 
0 0 0 

(22) 

whert  <i{S„)dS  is  the  derivative  ot  Eqn.  (18); 
^(r^/r)drj  is  the  probability  that  the  nondestruc- 
tively  interpreted  cavity  radius  r;  is  in  the  range 
rj  to  r^+drj,  given  that  its  actual  radius  is  r; 
♦(r)dr  is  the  cavity  radius  distribution  in  the 
material.  The  concepts  developed  in  this  paper  are 
thus  an  important  constituent  in  any  nondestructive 
failure  prediction  scheme  for  structural  ceramics. 
The  details  are  described  in  a separate  publica- 
tion. 16 


CONCLUDING  REMARKS 

Fracture  from  spherical  cavities  has  been 
analyzed  by  considering  that  fracture  occurs  by  the 
extension  of  a population  of  cracks  located  at  the 
cavity  surface.  The  analysis  indicates  trends  in 
the  fracture  condition  with  cavity  size  and  volume, 
that  depend  on  the  flaw  size  distribution  relative 
to  the  cavity  size.  It  has  been  shown  that  the 
present  analysis  provides  limit  solutions  that  are 
analagous  to  several  earlier  models  of  cavity  frac- 
ture; thereby,  providing  the  required  connective 
link  between  the  models.  The  analysis  is  only 
regarded  as  preliminary  because  the  presently  avail- 
able stress  intensity  factor  solutions  are  inade- 
quate and  because  several  important  subcritical  flaw 
linking  phenomena  have  not  yet  been  included  in  the 
analysis.  Much  additional  study  is  needed  to  evolve 
a model  of  the  above  type  that  has  universal  utility 
for  cavity  fracture. 

The  analysis  has  been  used  to  predict  effects 
of  pore  volume  (porosity)  on  strength  that  should  be 
pertinent  to  small  pore  volumes  (i.e.,  no  pore  inter- 
action effects).  The  predictions  have  been  compared 
with  some  available  data  for  borosilicate  glass. 
Although  the  correspondence  was  quite  good,  little 
value  was  gained  from  the  correlation,  because  of 
the  uncertain  origins  of  fracture  in  the  fracture 
tests.  Precise  studies  are  needed  to  correlate  with 
the  theory.  The  appropriate  tests  have  recently 
been  initiated. 
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ABSTRACT 

Fracture  tests  on  hot-pressed  silicon  nitride  containing  several  types  ot  inclusions  have  heen  con- 
ducted. Fracture  models  pertinent  to  each  inclusion  type  have  been  proposed  and  correlated  with  the  data. 
The  resultant  fracture  probability  relations  are  one  of  the  key  inputs  to  acv  ept.t  reject  decisions  for 
nondestfuctiye  failure  prediction. 


INTR0,DUCT10N 


EXPERIMENTAL 


Inclusions  can  be  an  important  source  of  fail- 
ure in  structural  ceramics.  It  is  crucial  for  the 
structural  utilization  of  these  materials  that  the 
probability  of  fracture  from  typical  inclusions  he 
sufficiently  characterized  that  effective  nondes- 
tructive failure  prediction  schenrs  be  devistvl.  In 
this  study,  samples  of  silicon  nitride  containing 
typical  inclusions  are  subjected  to  controlled  frac- 
ture tests  to  determine  both  the  fracture  mechanism 
and  the  specific  fracture  stress  at  the  inclusion. 
Fracture  models  pertinent  to  each  inclusion  type  are 
then  developed,  and  the  fracture  probability 
(derived  from  the  test  data)  is  related  to  the  para- 
meters of  the  model.  The  resultant  probability 
functions  constitute  one  of  the  three  functions 
required  to  isolate  the  accept  reject  criterion 
pertinent  to  nondestructiye  failure  prediction.' 

Preliminary  studies  of  fracture  from  inclusions 
in  ceramics^’’  haye  indicated  that  the  fracture 
process  is  likely  to  consist  of  the  activation  of 
small  defects  (voids,  disbonds,  grain  boundary 
cracks),  occurring  within  or  near  the  inclusion,  by 
the  ambient  local  stress  field  associateii  with  the 
thermal  evpansion  mismatch  and  the  applifsi  stress. 
Usually,  the  influence  of  the  inclusion  on  strength 
is  expected  to  be  less  seyere  than  tlvit  of  a crack 
of  equivalent  dimensions. ‘ The  important  exception 
is  an  inclusion  with  both  a thermal  expansion  co- 
efficient and  a shear  modulus  lower  than  the  host 
material  (then,  large  radial  cracks  can  develop  that 
substantially  reduce  the  strength).  However,  the 
incidence  of  such  inclusions  in  structural  ceramics 
such  as  silicon  nitride  is  expected  to  be  minimal, 
because  these  materials  have  a low  intrinsic  thermal 
expansion  coefficient. 

The  inherent  flaws  that  initiate  inclusion 
fracture  are  likely  to  be  statistically  distributed 
in  size  and  space.  Therefore,  the  fracture  stress 
should  not  be  expected  to  relate  uniquely  to  the 
inclusion  dimensions;  hut  rather,  to  exhibit  a dis- 
tribution of  values  for  each  inclusion  size,  as 
found  for  fracture  from  voids. The  determination 
of  the  fracture  distribution  functions  is  the 
primary  objective  of  the  present  study. 


Techni<Lue 

S.\mplps  containing  the  inclusion  types  that 
predominate  in  hot-pressed  silicon  nitride  (Table  I) 
were  specially  fabricated*  in  the  foirni  of  ?.54  cm 
diameter  discs,  with  the  inclusions  approximately 
locatt>d  in  the  disc  center.  The  samples  were 
inspected  using  advanced  ultrasonic  techniques'^'^ 
to  deteniiine  the  precise  location  of  the  dominant 
inclusion.  The  samples  were  then  machines  until 
the  defect  was  located  - xOth.m  from  one  surface  ot 
the  sample.  This  operation  was  conducted  to  ensure 
that  the  defect  would  be  subjected  to  an  appreciable 
tensile  stress  during  subsequent  flexure  testing. 
Thereafter,  each  sample  was  annealed,  in  air  at 
IOOlT'C  tor  ' 20  hr.,  to  minimize  the  intluence  ot 
surface  cr.uks  intivduced  during  the  grinding 
process.  Finally,  the  samples  were  subjected  to 
flexural,  constant  displacenK-nt -rate  fracture  tests, 
conducted  at  rocxii  tmiverature . Those  samples  with 
defects  located  at  the  disc  center  were  tested  in 
biaxial  flexure.''  Samples  with  defects  displaced 
from  the  disc  center  vx're  cut  into  beams  (20  cm  x 
6 .nm  X F mm',  such  that  the  defect  was  located  at 
the  beam  center,  and  then  tested  in  three-LHiint 
flexure.  Acoustic  emission  was  monitored  on  roch 
sample  througbimt  the  test. 


•The  fabrication  was  condiuted  bi  the  V’eton  Co., 
Woroester,  Massachuset ts . 
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TABLL  I 


FRACTURE  MODELS 


Inclusion 

Stiess  at 

Inclusion  Size  , 

Inclusion  (MPa) 

z(uml 

Vl.m-') 

401 

50 

265 

36? 

100 

475 

- 

375 

75 

425 

264 

125 

625 

Si  1 icon 

243 

250 

875 

283 

125 

875 

- 

272 

250 

675 

- 

410 

75 

200 

- 

432 

75 

275 

- 

284 

175 

425 

- 

357 

100 

100 

- 

424 

75 

250 

- 

434 

50 

100 

265 

175 

750 

- 

252 

125 

625 

- 

398 

2.5xl0'|f 

323 

1.6x10-  ' 

383 

9.1x10-  f 

334 

2.2x10" 

355 

3.1x10"  ' 

210 

6.2x10"  f 

1 ron 

217 

7.0x10"" 

404 

6.2x10"'^ 

258 

7.0x10" 

296 

6.1x10"" 

333 

3.3x10"^ 

283 

6.5x10"  ' 

173 

2.9x10-0 

281 

1.1x10"''’ 

206 

3.?xl0-]0 

190 

1.8xl0-'0 

550 

75 

175 

590 

125 

150 

Tungsten 

560 

75 

300 

Carbide 

610 

400 

675 

600 

100 

300 

480 

400 

400 

General  Considerations 

It  is  instructive  to  provide  a perspective  of 
inclusion  fracture  by  enamininq  the  stress  fields 
associated  with  inclusions;  and  thereby,  to  identify 
the  possible  modes  of  fracture.  (The  fracture  modes 
that  occur  for  inclusions  with  a lower  expansion 
coefficient  than  the  matrix  are  excluded  from  con- 
sideration, as  noted  in  the  Introduction.) 

The  thermal  expansion  mismatch  introduces 
hydrostatic  tension  within  the  inclusion.  The 
magnitude  of  this  stress,  a,,  is  given  by^ 

‘’a  - V vT2(V-2v-.y/ITcv^lTVGi’)  ■'*(1) 

wheie  A„  is  the  differential  in  thermal  expansion 
coefficients,  .\T  is  the  temperature  differential, 

G is  the  shear  nodulus,  u is  Poisson's  ratio  and 
the  subscripts  m and  i refer  to  the  matrix  and 
inclusion,  resfiect  ively . The  equivalent  stresses 
within  the  matrix  are,  for  a spherical  inclusion: 


u = h*  (a/r) 
rr 


Resul ts 

The  results  of  the  fracture  tests  were  used  to 
calculate  the  stress  at  the  center  plane  of  the 
defect,  at  the  condition  of  fracture  instability. 
These  defect  fracture  stresses  are  summarized  in 
Tabic  I.  The  acoustic  emission  record  did  not 
generally  indi cate  wel 1 -def ined  pre-fracture 
emission;  except  for  *he  silicon  inclusions,  which 
exhibited  consistent  emission  at  about  one-tenth 
of  the  final  fracture  load. 

The  dimensions  Of  the  fracture  initiating 
defects  on  the  fracture  plane  were  measured  on  each 
sample,  as  sumnarized  in  Table  I.  Also,  for  samples 
in  which  defect  removal  could  be  effected,  the 
defect  volumes  were  measured.  The  detailed  volimie 
measurement  technique  is  described  in  Appendix  II. 
The  results  are  suimiarized  in  Table  I. 


‘^iia  “ P (a/r^)/2 


The  application  of  a stress  ^’o,.  also  generates 
stresses  in  the  inclusion.  For  a spherical  inclu- 
sion and  an  applied  pressure  P«,  the  stress  in 
the  inclusion  is  given  by'*^  : 


P,-  /v\l  (K,./K)-l)  (l-2v)  4G 


where  K is  the  bulk  modulus. 

The  significance  of  these  local  stresses 
depends  on  the  distribution  of  flaws  within  the 
inclusion,  matrix  and  interface;  as  well  as  the 
intrinsic  toughness  of  the  inclusion  and  the  natrix. 
When  the  toughness  of  the  inclusion  is  appreciablv 
larger  than  that  of  the  matrix  (as  migh*  pertain 
for  WC  inclusions  in  Si-^Na),  fracture  will  tend  to 
initiate  within  the  matrix,  from  flaws  located 
either  at  the  interface  or  within  the  matrix  itseK 
(Fig.  1).  In  this  case,  the  location  of  fracture 
and  the  fracture  proh<thility  depend  primarilv  on 
the  ratio  of  the  inclusion  and  matrix  elastic  con- 
stants. Specifically,  for  inclusions  with  a smaller 
nxidulus  than  the  matrix,  the  maximum  ItfsO*  tensile 
stress  occurs  at  the  equatorial  plane,'  and  frac- 
ture will  initiate  fi-om  flaws  located  in  this  vici- 
nity, as  indicateil  in  Fig.  l{a'.  For  inclusions 
with  a hight'r  modulus  than  the  matrix,  the  maximum 
local  tension  (in  the  appropiiate  orientation  for 
continued  extension  into  the  matrix,  i.e.,  normal 
to  '■»)  occurs  at  the  poles  of  the  inclusion^^  (Fig. 
1(b)).  However,  both  the  maximum  tension  amt  the 
extent  of  the  tensile  zone  are  appreciablv  smiller 
(for  the  same  modulus  mismatch)  than  the  equivalent 
quantities  for  the  low  nxidulus  inclusions.  The 
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prohdhil ity  of  fracture  from  the  latter  is  thus 
anticipated  to  be  relatively  low. 
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Fig.  1 Schematics  indicating  fracture  initiated 
within  the  matrix  from  interface  micro- 
ciacks  for  (a)  low  modulus  inclusions  and 
(b)  high  modulus  inclusions. 


A more  typical  condition  involves  inclusions 
with  a lower  fracture  toughness  than  the  matrix. 
Then,  inclusion  fracture  is  likely.  When  the 
inclusion  has  a relatively  high  modulus  (although 
not  necessarily  higher  than  that  of  the  matrix), 
so  that  appreciable  stresses  develop  within  the 
inclusion,  the  fracture  of  the  inclusion  can  be 
subcritical,  i.e.,  an  additional  stress  is  required 
to  initiate  structural  failure.  Alternatively,  if 
the  Inclusion  has  a low  modulus  (e.g.,  a porous 
inclusion,  see  Appendix  I),  the  stress  within  the 
inclusion  is  low  and  inclusion  fracture  might  then 
coincide  with  structural  failure. 

This  multiplicity  of  fracture  modes  requires 
that  each  inclusion  type  be  evaluated  on  an  indivi- 
dual basis.  The  subsequent  analysis  comprises 
separate  sections  for  each  of  the  Inclusion  types 
listed  In  Table  I . 

Specific  Fracture  Mos^U 

Silicon  Inclusions.  The  silicon  Inclusions  are 
characterized  by  a lacl  of  porosity,  signifying  that 
there  Is  little  thermal  expansion  mismatch  at  tem- 
peratures above  'lOOOTC  (the  temperature  at  which 


stress  relaxation  by  mass  transport  becomes  slow). 
This  can  be  rationalized  by  noting  that  the  large 
thermal  contraction  of  the  silicon  between  1000  and 
1800  C is  counteracted  by  the  unusual  volime  expan- 
sion that  occurs  during  solidification.  Between 
1000°  and  30°C  the  total  contraction  of  the  silicon 
is  very  similar  to  that  of  silicon  nitride: 
indicating  that  the  thermal  mismatch  stresses  in 
the  silicon  inclusions  should  be  small. 


Dense  silicon  has  elastic  properties  appreciably 
lower  than  those  of  silicon  nitride  (Youngs  moduli 
of  110  and  320  GPa,  respectively).  These  relative 
properties  lead  to  a stress  in  the  inclusion 
0^  » 0.64  0,.,  (see  Eqn.  3).  Howe.“r,  silicon  has  a 
very  low  fracture  toughness  (0.6  MPa-Yii)  compared 
with  the  silicon  nitride  matrix  (5  MPt^Yn);  so  that, 
despite  the  low  stress  level  in  the  inclusion,  the 
inclusion  is  liable  to  fracture  before  the  matrix. 
This  interpretation  is  consistent  with  the  acoustic 
emission  measurements  (Section  2). 

The  subcritical  fracture  of  the  silicon  inclu- 
sion introduces  a crack  with  dimensions  dictated  bv 
the  dimensions  of  the  inclusion.  The  cracked  inclu- 
sion produces  a complex  stress  intensification  of 
the  type’  . 

k[  ■=  Z(a/c)F(G,/G)---a''  (4) 


where  Z Is  a function  of  the  crack  shape,  F is  a 
function  of  the  relative  elastic  moduli  and  t*  is  a 
constant  ranging  from  0.3  to  0.7.  The  present 
fracture  model  is  developed  on  the  premise  that  the 
modulus  mismatch  is  small  and  that  the  crack  inclu- 
sion can  be  treated  as  a crack  in  a homogeneous 
body.  (This  simplification  is  necessary  at  the 
present  level  of  comprehension  of  the  crack/ Incl u- 
slon  problem,  and  will  evidently  introduce  an  error 
into  the  fracture  characterization.)  Then,  intro- 
ducing the  macro-toughness  of  silicon  nitride  and 
the  Inclusion  dimensions  (on  the  fracture  surface), 
.1  predicted  fracture  stress  n can  he  obtained  from 
tqn.  (4). 


Kj. 


(5) 


The  predicted  stress  for  each  sample  is  plotted  in 
Fig.  2 as  a function  of  the  measured  fracture  stress. 
A reasonable  correlation  is  apparent. 


fAfOH'tip  sTtmcm  wt' 


Fig.  2 A plot  of  the  measured  fracture  strength  of 

silicon  nitride  containing  silicon  inclusions 
as  a function  of  the  strength  predicted  by 
the  subcritical  cracking  model. 
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A Jetdiled  stdtisticdl  analysis  has  also  Oeen 
conducted  to  determine  the  level  of  correlation 
between  the  test  data  and  the  nodel . For  this  pur- 
pose. it  has  been  supposed  that  the  primary  source 
of  the  variability  in  the  measured  strength  is  the 
variation  in  fracture  toughness  of  the  matrix  cir- 
cumventing the  inclusion  (which  could  be  very 
difference  from  that  of  the  remote  matrix,  because 
of  an  interaction  zone).  The  inclusion/cracF  Size 
IS  appreciably  larger  than  the  grain  size;  hence, 
the  variability  in  toughness  might  be  anticipated  to 
conform  to  a normal  distribution.  The  fracture  data 
are  thus  analyzed  to  determine  their  conformance  to 
the  normal  distribution. 


The  hypothetical  model  can  be  formally 
expressed  as: 


(6) 


2 

where  v is  the  variance  of  the  strength  S for  any 
given  o„  and  P,.  is  the  conditional  distribution  of 
strengths  S;  note  that  the  conditional  expectation 
of  S,  given  Op,  is  assumed  to  be  a linear  function 


(S  :a^- X ) = .»  * h X ♦ ( ( T) 

where  i is  4 random  variable  having  mean  zero  and 
variance  v‘.  Applying  the  usual  null  hypothesis 
tests  to  the  available  data  is  complicated  by  the 
fact  that  the  fracture  data  comprise  15  observations 
of  12  random  variables.  Specifically,  only  the 
residual 


e=(S|a  = x)-.%-sx  (d) 

P 

can  be  observed,  where  .i  anii  si  are  the  maximum 
likelihood  estimates  of  a and  si.  (An  alternative 
hypothesis  attributes  the  strength  variability  to 
variations  in  the  shape  Of  the  crack  at  the  criti- 
cality; this  possibility  is  not  examined  in  the 
present  analysis. 

The  normality  of  the  fracture  data  are  thus 
analyzed  using  two  approaches:  (a)  by  disregarding 
the  variance-convariance  structure  of  the  residuals 
and  (b)  by  obtaining  independent  residual  obser- 
vations using  an  orthogonal  transformation  of  the 
fracture  data. 

The  first  method  of  analysis  assumes  ttat  these 
residuals  are  independent.  The  variation  in  the 
magnitude  of  the  residuals  with  the  magnitude  of  the 
observation  can  then  be  obtained  directly,  as  plotted 
in  Fig.  3.  There  does  not  appear  to  be  a systematic 
trend  in  the  residuals  (as  verified  by  values  of 
(skewness)  ■ 0.04  and  .12  (excess)  » -0.03), 
indicating  that  the  normality  hypothesis  may  be 
reasonable.  Also,  if  the  residuals  arranged  in 
increasing  order  of  magnitude  are  plotted  (Fig.  5) 
against  the  expected  value  of  the  i'th  order  statis- 
tic, for  a random  variable  having  a standard  normal 
distribution,  the  good  linearity  of  the  plot  tends 
to  Support  the  contention  that  the  residuals  are 
observations  of  a random  variable  having  a noimal 


1?: 


distribution.  Separate  analysis  of  the  data  at 
large  and  small  ^p,  using  a procedure  proposed  by 
Goldfeld  and  Quandt'^,  indicates  that  the  residuals 
exhibit  a systematic  increase  with  increasing  mag- 
nitude of  the  observation.  This  does  not  invalidate 
the  normality  of  the  distribution,  but  suggests  a 
variance  that  increases  as  Op  inci-eases;  a result 
that  can  be  tentatively  rationalized,  as  discussed 
below.  However,  it  should  be  noted  that  the  data 
can  also  be  shown  to  conform  with  similar  confidence 
to  a model  in  which  the  measured  strength  is  inde- 
pendent of  -’p,  but  at  two  separate  levels;  one  at 
S * 263  MPa  for  0 < 400  MPa,  and  the  other  at 
S * 413  MPa  for  Up  > 400  MPa  (Fig.  3).  The  data 
analysis  does  not.  therefore,  provide  a unique 
confirmation  of  the  proposed  fracture  model. 


SC7e-Z639 
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Fig.  3 A plot  of  the  maximum  likelihood  residuals 
as  a factor  of  the  measured  strength. 


The  second  method  of  analysis  uses  a procedure 
proposed  by  Henry  Theil.'-’  It  involves  an  ortho- 
gonal transformation  through  an  identity  matrix. 
Only  13  residuals  can  be  obtained  because  2 degrees 
of  freedom  (slope  and  intercept)  are  sacrificed  in 
the  estimation  procedure.  The  residuals  obtair.eM 
in  this  fashion  exhibit  precisely  the  same  trends 
as  the  maximum  likelihood  residuals,  as  exemplified 
in  Fig.  4. 
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Fig.  4 A plot  of  the  ordered  residuals  as  a 
function  of  the  estimate  of  the  order 
statistics  for  both  the  maximum  likelihood 
and  the  independent  residuals. 


It  may  be  concluded,  therefore,  that  the 
hypothesized  fracture  model,  modified  to  allow  for 
an  increasing  variance  with  increase  in  strength 
level,  cannot  be  rejected  by  the  data.  However, 
this  does  not  discount  the  possibility  that  the  data 
might  also  be  consistent  with  an  alternate  fracture 
model.  If  the  assumed  fracture  model  is  indeed 
valid,  the  parameters  of  the  model  implied  by  the 
data  are:  a = 99.655  MPa,  B = 0.541.  The  deviation 
of  B from  unity  suggests,  within  the  context  of  the 
model,  that  the  local  toughness  of  the  matrix  may 
be  lower  than  the  remote  macro-toughness  of  the 
matrix  (i.e.,  ^ 3 HPadm  instead  of  5 MPa,Aii).  This 
effect  can  be  justified  on  the  basis  of  a matrix 
locally  degraded  by  interaction  with  the  inclusion. 
The  relative  extent  of  the  degradation  may  also  be 
supposed  to  increase  as  the  inclusion  size  decreases, 
to  account  for  the  observed  increase  in  variance 
with  increase  in  the  level  of  strength. 

Iron  Inclusion 


The  cracks  and  pores  are  presumably  formed  by 
diffusion  within  the  inclusion  (while  at  the  eleva- 
ted temperatures)  to  relieve  the  stresses  introduced 
by  thermal  expansion  mismatch  (Appendix  I),  An 
unrelieved  thermal  expansion  mismatch  strain 
will,  of  course,  still  develop  at  temperatures 
below  those  capable  of  sustaining  rapid  mass  trans- 
port. The  presence  of  the  open  cracks  reduces  the 
effective  bulk  modulus  of  the  inclusion.  The  stress 
within  the  inclusions,  induced  by  the  applied  stress 
(Eqn.  3)  and  the  thermal  expansion  mismath,  should 
thus  be  appreciably  lower  than  would  be  anticipated 
from  the  intrinsic  modulus  of  the  iron  silicide 
material  that  comprises  the  inclusion.  The  proposed 
fracture  model  for  these  inclusions  thus  supposes 
that  a critical  fracture  condition  is  attained  when 
the  stress  within  the  inclusion  reaches  the  level 
required  to  extend  one  of  the  internal  cracks,  i.e., 
that  there  is  no  subcritical  inclusion  fracture 
event.  This  hypothesis  would  be  consistent  with 
the  lack  of  detectable  acoustic  emission  prior  to 
final  fracture.  The  stress  within  the  inclusion  is 
a relatively  uniform,  hydrostatic  tension  p^  (or 
exactly  uniform  for  an  ellipsoidal  inclusion)  given 
by: 

p^  = * o„+  G®  (9) 


where  g|  is  the  effective  shear  modulus  of  the 
inclusion.  A weakest  link  model  of  inclusion  frac- 
ture for  a state  of  uniform  tension  would  indicate 
•a  fracture  probability,’’ 

= 1 = exp  ^-V.  I g(S)dS  J (10) 

0 


where  Vj  is  the  volume  of  the  inclusion  and 
g(S)dS  IS  the  distribution  of  flaw  strengths  that 
relates  to  the  distribution  of  cracks  within  the 
inclusion  (and  the  toughness  of  the  inclusion).  If 
we  adopt  the  Weibull  assumption,  that  g(S)  is 
given  by: 


Examination  of  the  iron  inclusions  (Fig.  5) 
indicates  that  the  inclusions  contain  several  open 
cracks  and/or  porosity. 


Fig.  5 A scanning  electron  micrograph  of  a fractured 
iron  inclusion  in  hot-pressed  silicon  nitride. 


g(S)dS  = (11) 


where  p.  is  a scale  parameter  and  k a shape  para- 
meter, the  inclusion  fracture  probability  becomes: 


where  is  the  applied  stress  at  fracture.  The 
available  data  are  not  well  suited  for  comparison 
with  the  predictions  of  this  model,  because  each 
datum  is  obtained  for  a different  V^.  Hence,  a 
fracture  probability  cannot  be  uniquely  assigned  to 
each  strength  resul.t.  However,  as  a very  approxi- 
mate assessitient  of  the  utility  of  this  model,  a 
fracture  probability  is  obtained  by  assuming  it  to 
be  given  by  the  order  statistic  based  on  the  level 
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of  the  measured  strength,  regardless  of  the  inclu- 
sion volume.  The  results  are  plotted  in  Fig.  6,  as 
-ln(l-*^)  vs.  The  curvature  is  presuned  to 

signify  an  appreciable  contribution  from  r . The 
magnitude  of  *^0  ^>1  estimated  to  be,  100/*  MPa 
(Fig.  6),  and  the  corresponding  value  of  k is  ~ 11. 
Both  values  are  reasonable.  Additional  experiments 
in  which  is  essentially  invariant  must  be  con- 
ducted, however,  if  a rigorous  evaluation  of  the 
model  is  to  be  effected. 


Fig.  6 A plot  of  the  normalized  failure  probability 
as  a function  of  the  measured  strength  and 
the  modified  strength  for  iron  inclusions 
in  si  1 icon  nitride. 


Tungsten  Carbide  Inclusions 

The  relatively  minor  effect  of  the  SI  inclu- 
sions on  the  fracture  strength  of  silicon  nitride 
precludes  the  need  for  a detailed  statistical 
analysis  of  strength.  The  innocuous  nature  of  the 
tungsten  carbide  inclusion  derives  from  a combina- 
tion of  relatively  high  toughness  and  modulus,  as 
noted  above.  The  analysis  of  fracture  would  involve 
considerations  of  the  distribution  of  microcracks 
located  with  the  matrix  in  the  small  zone  of  tension 
near  the  poles  of  the  inclusion.'®  The  mode  of 
analysis  would  be  essentially  similar  to  that 
conducted  for  fracture  from  voids, as  modified 
by  the  different  distribution  of  matrix  stress  and 
the  presence  of  a high  toughness  inclusion. 


IMPLICATIONS  AND  CONCLUSIOWS 

Good  physical  models  of  the  probability  of 
fracture  from  inclusions  can  greatly  enhance  the 
ability  to  predict  failure  from  a nondestructive 
assessment  of  the  inclusion  type  and  size.  Models 
pertinent  to  specific  inclusion  types  have  been 
presented,  and  correlations  with  fracture  data  have 
been  attempted.  The  data  are  not  inconsistent  with 
the  fracture  models.  However,  to  obtain  good 
statistical  confidence  in  the  models,  additional 
data  are  required,  for  wel 1 -con trolled  inclusion 
morphologies.  Specifically,  data  sets  are  required 
for  inclusions  of  given  size,  taken  at  several 
different  size  values. 

The  present  results  can  be  used  directly  in 
probablistic  estimates  of  reliability,  within  the 
strength  range  that  data  have  been  obtained,  even 
though  the  applicability  of  the  models  has  not  been 
substantiated  with  good  statistical  confidence.  The 
confident  substantiation  of  the  present  (or  alter- 
natives) models  of  fracture  from  inclusions  would 
have  the  advantage  of  permitting  the  reliability 
predictions  to  be  extended  beyond  the  range  of  the 
data  and,  hopefully,  to  minimize  the  variance  that 
must  be  applied  to  the  fracture  probability  - 
thereby  reducing  the  rejection  probability  associated 
with  any  given  method  of  nondestructive  analysis. 

The  strong  influence  of  the  inclusion  type  on 
the  fracture  strength  is  re-emphasized.  Specifically, 
tungsten  carbide  inclusions  can  be  regarded  as 
almost  innocuous,  while  silicon  inclusions  are 
extremely  deleterious  at  low  temperatures;  iron 
inclusions  and  voids^  are  of  intermediate  severity. 

It  is  interesting  to  note  that  surface  cracks  in 
hot-pressed  silicon  nitride  produces  about  the  same 
strength  degradation  as  silicon  inclusions  with  the 
equivalent  diameter.  However,  it  should  be  noted 
that  silicon  develops  appreciable  toughness  above 
~ 1000°C,  and  melts  at  1420° C.  Silicon  inclusions 
are  thus  likely  to  become  less  deleterious  at 
elevated  temperatures  (5'900°C),  tending  to  approach 
the  behavior  of  voids  of  equivalent  size. 

Finally,  the  appreciable  dependence  of  the 
fracture  probability  on  the  Inclusion  type  clearly 
emphasizes  the  importance  of  defect  type  classifi- 
cation for  effective  nondestructive  failure  predic- 
tion schemes. 


APPENDIX  1 

STRESSES  PRODUCED  BY  THERMAL  EXPANSION  MISMATCH 

The  magnitude  of  the  thermal  expansion  stress 
depends  on  the  cooling  temperature  AT  (Eqn.  1). 

An  exact  definition  of  this  temperature  differential 
presents  several  problems.  The  stress  within  the 
inclusion  is  purely  hydrostatic  (i.e.,  no  shear 
stresses),  and  stress  relaxation  can  only  occur  by 
mass  transport  processes.  By  contrast,  the  stress 
within  the  matrix  has  a zero  hydrostatic  component, 
p(°ri-  + 20flg  = 0),  but  a very  large  shear  component, 
Org($3B*/4);  relaxation  in  the  matrix  can  thus  also 
occur  by  shear  processes.  The  latter  is  similar  to 
the  elastic/plastic  deformation  of  spherical  cavity, 
for  which  the  relative  displacement  of  the  cavity 
surface  depends  on  the  yield  strength.  However, 
there  is  no  evidence  that  Si3N4  exhibits  significant 
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shMr  pIdSCicUy.  It  ts  thus  considered  that  the 
only  appreciable  relaxation  occurs  by  mass  transport. 
The  chemical  potential  that  acts  as  the  drlv1n9 
force  for  atom  migration  is  dictated  within  the 
Inclusion  prlwrlly  by  the  hydrostatic  pressure 

u ■ -pu  (Al) 

1 

and  within  the  matrix  by  the  strain  energy 

_ _ r 3 

ll*Z(I-?y,)/(l-v,){G^/G,)»»[8(l-Vm)  IsJ^ri 

* IA2) 

where  n Is  the  atomic  volume.  The  Incidence  of  atom 
transport  will  modify  the  chemical  potential  and 
the  stress  distribution.  This  will  occur  primarily 
by  vacancy  transport  to  the  Interface.  However,  If 
the  stress  within  the  Inclusion  Is  tensile,  cavities 
may  nucleate  by  vacancy  condensation.  Nucleatlon 
will  occur  when  the  stress  exceeds^” 


4/1 

kTtn(4nO.  a.n  /p  1)  ') 

D u 0 


(A.T) 


Once  a cavity  has  nucleated,  the  stress  at  the 
cavity  surface  and  the  local  chemical  potential 
must  be  maintained  at  their  equilibrium  values 


p • Ziij/r 


(A4) 


u - -nuj/r 


where  r Is  the  cavity  radius.  The  chemical  poten- 
tial gradient  now  favors  vacancy  diffusion  Into  the 
cavity,  and  cavity  growth  can  be  anticipated. 

Hence,  If  several  cavities  nucleate,  the  stresses 
within  the  Inclusion  remain  at  a moderate  level, 
while  mass  transport  Is  occurring.  It  should  also 
be  noted  that  the  fo?inatlon  of  cavities  decreases 
the  modulus  Gj  of  the  Inclusion.  This  tends  to 
minimize  the  stresses  that  develop  on  cooling  below 
the  temperature  at  which  mass  transport  eventually 
ceases . 


A POSTIRIORI  MLASURtMtNTS  Of  INCLUSION  yOlUMl 

Most  of  the  naturally  occurring  inclusions  In 
tructural  ceramics  develop  cracks  during  tempera- 
ture excursions.  Consequently,  the  Inclusions  are 
relatively  friable  after  fracture,  and  can  be 
readily  separated  from  the  matrix  by  suitable 
etchants.  The  remaining  void  space  can  then  be 
filled  with  a low  density  wax  and  the  density  of 
the  ceramIc/wax  system  measured  In  a density  column. 
This  density  Is  directly  related  to  the  Inclusion 
volume  V,  the  density  of  the  ceramic  host,  p^.,  and 
the  density  of  the  wax,  p^,  as  Indicated  below. 

The  measured  density  p'  Is: 


p'  ■ (M  ♦ m)/(v  ♦ v) 


(A5) 


where  M Is  the  mass  of  the  ceramic,  V Its  volume 
and  m the  maxx  of  the  wax  contained  within  the  void 
space.  The  parameters  in  Eqn.  (A5)  that  cannot  be 
easily  measured  are  m and  V;  these  can  be  eliminated 
from  the  measurement  process  by  substituting  the 
densities  p^  and  p^.: 


(A6) 


The  densities  p and  p'  can  be  obtained  directly 
from  density  column  studies,  before  and  after  the 
wax  has  been  Inserted  Into  the  void  space. 
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ABSTRACI 


A computer  simulation  of  nondestrui  ture  failure  prediction  in  silicon  nitride  rontulninn 

develinied.  The  prelimlivary  application  of  the  simulation  examinesShe  results  of  ar 
Ins^tlon  that  uses  a sing  e transducer  In  the  pitrh/ratrh  mode.  The  limitations  of  th/lnspe^lon 
method,  especially  when  applied  to  nonspheriral  inclusions,  are  esposed  hy  the  simulation  Also  the 

ri'^ct'l  end  the  Inclusion  site  distribution  on  the  fallure^nd 

rejection  probabilities  eim-rye  from  the  analysis  in  quantitative  form. 


IHTRUOUCTION 

Ceramic  cemiponents  are  subject  to  failure  from 
Inclusions  introduced  during  the  fabrication  stage 
of  manufacture.  The  specific  Influence  of  various 
Inclusion  tyt>e$  on  fracture  have  been  studied  for 
hot-pressed  silicon  nitride,^  indicating  that 
silicon  Inclusions  are  particularly  deleterious. 

The  present  study  will  thus  use  results  for  silicon 
Inclusions  in  silicon  nitride  to  Illustrate  the 
analysis  of  structural  reliability  using  non- 
destructive Inspection  nwthods. 

Recent  studies  of  nondestructive  defect 
characterisation  In  ceramics  have  indicated  that 
ultrasonic  methods  have  the  greatest  potential  for 
obtaining  the  information  concerning  defeat  sise 
and  type  required  for  failure  prediction.'  One 
candidate  technique  with  considerable  promise  Is 
the  combined  use  of  low  frequency  (tO.b  Aa,  where  A 
is  the  wave  nianber  and  a Is  the  defect  radius)  and 
high  frequency  Aa)  scattering  Information.  The 
high  frequency  scattering  can  be  analysed  to 
provide  informatipn  about  the  defect  type;^  while 
the  liM  frequency  results  (given  the  defect  type) 
can  be  analysed  to  yield  an  estimate  of  the  defect 
volume.  • In  the  present  stu<(y  It  Is  assumed  that 
the  defect  tyt>e  can  be  unambiguously  determined 
(this  has  yet  to  be  unequivocally  demonstrated), 
Istlmates  of  the  defect  volume,  given  that  the 
defect  Is  a silicon  inclusion,  can  then  be  made 
using  long  wave  length  results.  The  analysis  of 
reliability  will  thus  be  the  optimian  that  can  be 
achieved  using  the  concept  of  combined  high/low 
frequency  scattering  Information.  Methods  for 
obtaining  this  Information  are  described  else- 
where.® 

The  probabilistic  analysis  yielding  the 
parameters  needed  to  reach  accept/reject  decisions, 
based  on  long  wavelength  ultrasonic  scattering 
results.  Indicates  false  accept  ii».  and  false  reject 
probabilities  given  by/ 


—f  o.^tn«)  f (^<«|x)  (>(»)  dTd» 

jf*4(S  <»J  ^(x)  dx 

.1.  ij"  L ♦(''!>>  * ♦(x)dYdx 

R — • “ ■ 

/ 4 (‘fc'S)  0(x)dx 

The  probability  ♦{$<  e|x)  that  the  strength  S wi 1 1 
be  less  than  the  applTed  stress  o«,  given  the 
Inclusion  dimensions  x,  is  derived  from  an  analysis 
of  data  obtained  for  fracture  from  silicon 
Inclusions  In  silicon  nitride.’  Ihe  probability^ 
(Y|x)dY  that  the  long  wavelength  estimate  Y of  the 
Inclusion  dimensions  x are  In  the  range  Y to  Y ♦ dY 
is  obtained  from  the  analysis  of  scattering  by 
spheroidal  inclusions  In  the  long  wavelength 
limit.’  The  probability  0(x)dx  - the  a priori 
Inclusion  size  distribution  - Is  assumed  to  conform 
to  an  extreme  value  distribution,  typical  of  defect 
distributions  In  ceramics.” 

the  objective  of  the  present  study  Is  to 
obtain  false-accept/false-reject  probabilities 
|>ertlnent  to  long  wavelength  scattering  fran 
silicon  Inclusions  In  silicon  nitride.  The 
inspection  is  confined  to  the  conventional,  single 
transducer  pitch/catch  configuration.  Subsequent 
studies  will  examine  other  transducer 
configurations,  in  an  attempt  to  Identify  optimum 
transducer  arrays  for  minimizing  the  false-reject 
probabll Ity. 

THt  FUNOAHINTAI  PROBABlLlTltS 
The  Inclusion  Size 

Ihe  inclusions  are  considered  to  be 
spheroidal,  typical  of  the  silicon  inclusions 
observed  in  hot-pressed  silicon  nitride.'  Ihe 
state  i adopted  in  the  present  study  Is  the  size 
and  orientation  of  silicon  inclusions  In  silicon 
nitride 


i • (9.  9.  <1.  <;)  (2) 

Htifre  0 4nd  0 «re  defined  In  Fig.  1,  end  I.  end 
ere  the  two  sanle«l<  leni'hs  of  the  spheroid. 


* * * * ( e^)  • 

To  obtein  Nonte  Cerlo  vetoes  for  end  In  e rendon 
verlete  vms  teken  fro*  eech  of  the  district  Ions 
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Fig.  1 A schemtlc  Indiceting  the  orlentetlon 

retetlonships  for  the  sphcroldel  Inclusions 
used  In  the  slmutetlon. 


fjj  (*)  ■ 1 - exp  (-(x/b*)^) 


(y)  • 1 - exp  (-y/e*)'^) 

tdiere  k,  e*  end  b*  ere  Input  peremeters.  If 

< Ij.  both  rendom  verletes  ere  dlscerded  end  two 
more  ere  rendonty  selected.  This  Is  continued 
until  two  ere  selected  such  thet  li % iy  Is  fer  more 
likely  then  1^  < Ij. 

For  the  prediction  of  frecture  It  Is  required 
to  obtein,  from  the  stete  x,  the  lengths  of  the 
semlexes  of  the  cross>sectTonel  ellipse  et  the 
middle  of  the  Inclusion.  If  the  stress  Is  epplied 
elong  the  leboretory  x-exis,  the  mejor  exis  e Is 
simply 


The  engle  0 Is  e uniform  rendom  verlete  on  the 
Intervel  [0,  2e]  end  the  direction  cosine 
y.  (•  cos  9 ) Is  e Bete  rendom  verlete  with  pere- 
mtters  Pj  end  i^.  For  the  prellmlnery  enelysis 
Pj  • Py  * W Tr  * uniform  rendom  veriete 

on  the  Intervel  [0.1].  The  lengths  Ij  end  io 
the  smniexls  ere  essiened  to  be  Jointly  distributed 
with  density 


’’I,.  <*.>)  • * 


0 If  q < 0 


while  If  f ■ 1 - 7^  (7n  Is  the  direction  cosine 
with  respect  to  the  x exIs),  the  minor  exIs,  b,  cen 
be  obtelned  from 


•(7  -Si' 


The  Frecture  Probeblllty 

The  frecture  model  epplied  to  the  dete  for 
silicon  Inclusion  Initleted  fellure  In  silicon 
nitride  hes  been  derived*  on  the  premise  thet  the 
silicon  Inclusion  frectures  sub-criticel ly  to 
creete  e creek  equel  In  site  to  the  cross-sectlonel 
eree  of  the  Inclusion.  The  predicted  frecture 
stress  0 cen,  for  this  model,  be  written  es; 


I If  q ^ 0 


Z(b/e)Kj.b-*/^ 


end  A Is  chosen  such  thet 


The  unlverlete  densities  ere  essiened  to  be  extreme 
velue  end  of  the  Helbull  femlly,  es  often  observed 
for  the  Urge  extreme,^ 

f|^  (X)  • (x/b*)'‘*‘  exp  (-x/b*)"  ) (4e) 

and 

f|^  (y)  • (y/d*)"'*  (^)  #xp  (-(y/i*)^  (4b) 

where  k Is  the  thepe  peremeter  end  e*  end  b*  ere 
the  fcele  peremeters.  It  cen  eeslly  be  shown  thet 
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J)  s1n^9  d9 


end  k Is  the  frecture  toughness  of  the  silicon 
nitride  metrix,  essumed  to  be  b NPe  Jm.  Anelysis 
of  the  frecture  dete  Indiceted  thet  o_  wes  normelly 
distributed,  yielding  e frecture  probability  et  en 
epplied  stress  o given  by; 


'a  - a - 00 

♦(<W<S1ji)  • B-=— — 
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IS  * noriMl  rindon  ««rt4t«  describing  the 
frecture  strength  S.  with  « vtrlence  V(C.)  end  e 
Meen  of  tero;  n end  ere  constents,  given  by; 


«'  • 94.66  NPe,  O.Ml 


The  locetlon  of  the  cross  section  of  the 
inclusion  et  idiich  Inclusion  frecture  Initletes  hes 
not  yet  been  studied  In  detelT.  Presienebly,  the 
locetlon  Hill  depend  on  the  site  distribution  of 
pre*eiilst ing  microcrecks  within  the  Inclusion,  or 
et  the  interfece,  end  will  exhibit  son*  stetlsticel 
verleblllty.  For  the  present  enelysis  It  Is 
essumed  thet  frecture  occurs  et  the  locetlon  with 
the  Meximun  cross  section  exposed  to  the  epplled 
stress.  This  >impl If Icet Ion  ellminetes  one 
probebillty  term  fron  the  finel  expression  for  the 
f el se-eccept /reject  probeblluy;  It  elso  effords  e 
lower  limit  for  the  frecture  probebillty. 

THt  SCATTERING  AWPLlTUDt 

The  emplltude  of  e plene  ultrasonic  wave 
scattered  in  any  direction  by  a spheroidal 
Inclusion  in  the  long  wavelength  limit  can  be 
calculated  knowing  the  elastic  properties  of  the 
inclusion  and  matrix  as  well  as  the  axes  and 
orientation  of  the  spheroid.'*’  This  amplitude  A 
IS  related  to  the  frequency  f by, 


THl  FAllURt  PHOBABILITY 

The  Intent  of  this  section  Is  to  derive  the 
probability  of  failure,  given  values  for  the 
measured  ultrasonic  scattering  coefficient  Y and 
the  applied  stress  o,. 

If  N Is  the  number  of  Nonte  Carlo  Iterations, 
the  estimate  of  the  fracture  probability  Is 
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and  the  estimate  of  the  distribution  of  measured 
amplitude  coefficients  Is 


f,(y) 


F(T) 


1 

U 


y -i- 

tTr^y) 


H/ 


(14) 


Since  the  ultrasonic  scattering  and  the  fracture 
stress  are  stocha.st  leal  ly  Independent  in  the 
present  study,  the  estimate  of  the  fracture 
probability  for  specific  values  of  the  ultrasonic 
amplitude  coefficient  becanes; 


A • 


A^f^ 
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where  A^  is  a coefficient.  The  coefficient  A^  Is 
used  as  a measure  of  the  volume  of  the  scatterer. 
The  experimental  determination  of  A^  Involves  an 
error,  associated  both  with  background  and 
extraneous  reflections.  It  Is  assumed  for  the 
present  calculation  that  the  measured  coefficient, 
Y (i.e.,  the  slo()e  of  the  amplitude  In  the  f‘ 
scattering  regime)  is  related  to  the  absolute 
coefficient  A^  by; 
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where  Is  a normal  random  variate  with  mean  u ■ o 
and  variance  V(k  ).  The  measured  values'  of  the 
amplitude  coefficient  y thus  have  the  conditional 
frequency  distribution 
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^Measured  values  of  parameters  are  expressed  in 
lower  case,  while  the  random  variable  from  which 
the  measurement  Is  obtained  is  expressed  in  upper 
rase. 
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These  three  probabilities  can  be  estimated  by 
specifying  values  of  the  applied  stress  (‘’.),  the 
Inclusion  sire  parameters  (a*,  b*  and  k)  and  the 
measurement  variance  (V(ly)),  I.e.,  the  slgnal-to- 
noise  ratio.  Prel  I mi  nary*^  results  are  obtained  for 
a given  applied  stress  of  ?S0  MPa  and  three 
different  values  of  the  Inclusion  sire  and  the 
measurement  variance  (Figs.  ?{a),  (b),  (c)). 
Ins;iection  of  Fig.  2 Indicates  several  important 
features.  Firstly,  note  that  the  Inclusion  sl/e 
distribution  parameters  have  been  chosen  to  enable 
the  fracture  probability  without  inspection  ♦(S<<^) 
to  be  relatively  Invariant  (ranging  from  O.U  to 
O.Ib).  However,  the  location  of  the  maximum 
density  of  scattering  amplitudes  F(Y)  varies 
considerably.  The  trend  toward  a narrower 
distribution  of  Y from  Fig.  2(a)  to  2(c),  reflects 
primarily  the  Increase  ^n  the  shape  parameter  k, 
with  an  additional  suiierlmposed  Influence  of  a 
decreasing  signal-to-noise  ra^^o.  The  most 
important  results  are  the  estimates  of  the 
variation  In  the  fracture  probability  after 
ultrasonic  lns;>ection.  This  probability  is  just 
the  probability  of  fracture  at  given  values  of  the 
ultrasonic  measurement  amplitude  Y,  I.e.,  It  Is 
normaliied  by  the  distribution  of  Y values  and 
contains  no  explicit  dependence  on  this 
distribution.  It  would  normally  be  anticipated  that 
this  probability  should  increase  continuously  as 
the  measurement  amplitude  Increases  commencing,  at 
small  Y,  below  the  fracture  probability  without 
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Ftg.  2 Plots  of  th»  dlstrttMitlon  of  measured 
ultrasontc  unpHtudes  F(V),  the  failure 
probability  without  Inspection  b(S<^) 
and  the  failure  probability  corresponding 
to  a soelftc  ultrasonic  Indication 


Inspection.  This  behavior,  referred  to  as  "normal 
behavior".  Is  observed  for  the  parameters  chosen  to 
compute  the  failure  probabilities  reproduced  In 
Figs,  ?a  and  b.  However,  the  Inverse  trend  is 
observed  in  fig.  2{c),  referred  to  as  “abnormal 
behavior*.  The  rationale  for  this  phenomenon 
Involves  the  following  considerations.  The  large  k. 
chosen  for  this  calculation  Implies  a narrow 
distribution  of  Inclusion  sites,  as  reflected  In 
the  narrow  range  of  f(T)  values  In  Fig.  2(c).  This 
effect,  coupled  with  the  relatively  large  aspect 
ratio  of  the  Inclusions  (a*/b*  • 10),  leads  to  the 
realltatlon  that  the  large  extrmne  of  f(Y)  values 
refers  to  Inclusions  with  their  long  dimension  (a) 
nearly  normal  to  the  Inspection  direction.  Yet, 
since  the  stress  is  applied  normal  to  the 
Inspection  orientation,  the  cross  section  subject 
to  fracture  (for  Inclusions  In  this  orientation)  is 
small,  b.  It  can  thus  be  concluded  that 
Inclusions  which  yield  large  scattering  amplitudes 
can  exhibit  low  fracture  probabilities.  The 
Inspection  In  this  Instance  is  thus  providing 
misleading  Information  about  failure,  and  could  be 
deleterious  to  failure  prediction.  In  the  absence 
of  ancllllary  Information.  This  effect  will  be 
mlnlmlted,  and  probably  eliminated,  by  collecting 
scattering  Information  at  other  angles.  The 
benefits  to  be  derived  fron  Inspection  procedures 
other  than  the  pitch/catch  method  will  be  the 
subject  of  a subsequent  study. 


FAlSt  ACCtPT/FMSt  RUtCT  PROBABKlTltS 


The  estimates  of  the  false-accept  and  false-reject 
probabilities  are  derived  from  tgn.  (1);  for 
example,  the  false-accept  probability  Is  given  by; 
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The  false-accept  and  false-reject  probabili- 
ties derived  for  the  three  cases  discussed  In  the 
preceding  section  are  plotted  In  Fig.  3.  The 
separation  of  the  peak  densities  of  these  two 
distributions  affords  a measure  of  the  reduced 
false-reject  rate  that  can  be  achieved  by 
Inspection.  The  separation  Is  most  apparent  in 
Fig.  3(b);  a case  In  which  the  signal-to-nolse 
ratio  Is  not  excessive  and  the  Inclusion  aspect 
ratio  (and  size  distribution)  does  not  lead  to 
"abnormal*  behavior  of  the  fracture  probability 
after  Inspection,  The  much  reduced  separation  for 
the  case  shown  In  Fig.  3(a)  Is  primarily  a 
consequence  of  the  relatively  large  signal-to-nolse 
ratio  In  this  simulation,  while  the  separation  In 
case(c)  reflects  the  aspect  ratio  problem  discussed 
In  the  preceding  section. 


Additional  simulations  will  be  conducted  In 
subsequent  studies  to  examine  Independent  effects 
of  the  signal-to-nolse  ratio,  the  Inclusion  aspect 
ratio  and  the  Inclusion  site  distribution. 


It  should  be  noted  that  although  the  false- 
accept/reject  relations  afford  a unique  relative 
measure  of  the  utility  of  different  Inspection 
methods,  two  other  probabilities  are  Of  greater 
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Tht  othtr  prob«binty  of  Interest  4t  the  totel 
proportion  of  conponents  rejected  by  the 
Inspection,  both  falsely  end  correctly.  This 
rejection  probability  Pk  Is  simply 
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It  may  also  be  of  Interest  to  ascertain  that 
proportion  of  the  rejection  probability  attributed 
to  false-rejectlon  (P^jf; 
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Each  of  these  probabilities  can  be  derived  from  the 
curves  presented  In  Flys.  Z and  3. 
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DISCUSSION 


Robb  Thoitson.  Chalrinan  (NBS);  We  have  a few  minutes  for  discussion.  Tony  hasn't  used  all  of  his  hour. 
Are  there  any  questions? 

Paul  Holler  (Saarbrucken) : I was  astonished  by  the  limit  of  detection  you  mentioned  for  micro-focus 
X-ray.  What  was  the  diameter  of  focus  you  were  using  and  what  was  the  focusing  system? 

Anthony  G.  Evans  (Science  Center):  I am  In  an  odd  position  here  because  John  Schuldles  did  the  experi- 
ment. Old  you  hear  that  question,  John? 

John  Schuldles  (Alresearch);  I think  I did.  The  size  of  the  focal  spot  In  that  system  theoretically 

approaches  50  microns  depending  on  the  bias  applied  to  the  electron  beam  prior  to  hitting  the  target. 
It  Is  a coemerclally  available  system  manufactured  by  Hagnaflux. 

Anthony  6.  Evans:  Maybe  I can  ask  you  a question.  Professor  Holler.  Was  the  purpose  of  the  question 
that  you  know  of  a system  which  might  be  capable  of  detecting  surface  Inclusions  of  a smaller  size, 
or  was  It  the  other  way  around;  you  were  Impressed  how  small  It  was? 

Paul  Holler:  I think  there  are  Instruments  which  have  fine  focus  which  will  give  better  resolution.  I 
suppose  you  are  aware  of  the  work  which  has  been  done  In  Harwell.  Their  Instrumentation  Is  conrner- 
clally  available,  so  we  have  preliminary  results  which  are  going  much  below  the  250  microns  you 
were  mentioning  here. 

Anthony  G.  Evans:  Again,  I don't  know  quite  how  to  respond  to  that  since  I am  not  personally  Involved 
In  the  X-rays.  My  feeling  Is  that  the  focal  spot,  the  resolution.  Is  not  a problem  here.  The 
biggest  problem  Is  that  the  difference  In  the  X-ray  absorption  by  the  defect  Is  not  sufficiently 
different  from  that  of  the  matrix.  When  you  have  appreciable  thicknesses  of  the  component,  you 
really  can't  see  anything.  Maybe  there  are  some  further  things  to  be  done. 

Joseph  Matakey  (TRW):  I have  two  questions.  The  first  Is:  Can  you  scan  complex  geometry  with  a high 
frequency  ultrasonic  technique;  and  the  second  one  Is:  What  Is  the  low  frequency  range? 


Anthony  G.  Evans:  The  answer  to  the  first  question  Is  an  Interesting  one  and  we  have  got  some  thoughts 
on  that  which  I can  describe.  The  low  frequency.  In  this  case,  was  15  megahertz.  It  was  a 
focused  system.  Bob  Addison  did  that  work  and  he  will  describe  that  In  one  of  the  posters  this 
afternoon.  It  turns  out  we  probably  need  somewhat  higher  frequencies  than  that  In  order  to  get  the 
smallest  defects  of  lmportance--perhaps,  35  megahertz.  As  far  as  the  complex  shape  Is  concerned, 
we  have  a number  of  concepts  that  we  have  been  working  on  with  the  use  of  buffers,  that  Is.  a 
ceramic  which  has  one  flat  surface  and  the  other  surface  contoured  to  fit  the  geometry  of  the 
comronent.  Most  of  these  components  have  to  be  machined  very  accurately  any  way  to  make  sure  they 
will  satisfy  the  service  requirements.  One  can,  therefore,  make  a buffer  for  much  of  the  component 
with  great  accuracy  (within  a mil  or  less)  and  then  one  can  scan  over  the  flat  surface  of  the  buffer 
and  get  through  to  the  ceramic. 

Joseph  Matakey:  Have  you  tried  It? 

Anthony  G.  Evans:  We  tried  It.  1 say  "we.  " Nell  Kurlakin,  at  Stanford,  tried  It  In  the  case  of  a 

sperical  ceramic  ball.  We  had  a matching  buffer  with  the  flat  surface  and  It  worked  very  well. 

Part  of  this  program  Is,  now.  to  expand  those  concepts  to  ceramic  turbine  parts  to  see  how  well 
It  works  there.  The  signs  look  fairly  good. 

Daniel  Isaac  (ITT):  When  you  mentioned  that  the  bulk  area  of  the  void  Is  significant,  did  you  mean  that 
for  all  states  of  stress,  or  did  you  refer  to  that  portion  of  the  area  that  Is  subject  to  tensile 
stresses? 

Anthony  G.  Evans:  That  comes  out  In  the  Integration.  When  you  work  out  the  Integral,  you  Integrate  over 
that  fraction  of  the  area  under  tension.  Since  that  Is  a constant  fraction  of  the  total  area  of  the 

void  (regardless  of  shape)  and  because  it  Is  a constant  fraction,  you  can  take  the  total  area  out- 

side the  Integral. 

Daniel  Isaac:  But  the  fraction  depends  on  the  state  of  stress.  It  Is  not  a constant  fraction. 

Anthony  G.  Evans:  It  depends  on  the  state  of  stress,  certainly.  I refer  to  the  uniaxial  case.  For  a 

biaxial  or  triaxial  stress  condition,  you're  absolutely  right. 

George  Rudder  (Ames  Laboratory):  Have  you  tried  using  different  polarizations  at  high  frequencies  to 
distinguish  the  different  types  of  voids? 

Anthony  G.  Evans:  The  people  at  Stanford  have  developed  transducers  for  longitudinal  and  shear  waves. 

In  the  program  we  have  also  developed  Inverse  response  functions  for  both  longitudinal  and  shear 

waves. 
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Jerry  Tiemann  (General  Electric):  In  one  of  your  earlier  slides  you  showed  the  fracture  response  as  a 
function  of  the  thickness  of  the  void  for  silicon,  tungsten  carbide  and  other  ionic  types.  One 
would  have  thought  that  they  would  have  converged  to  the  same  level  at  zero  thickness,  but  in  fact, 
all  the  curves  seem  to  approach  different  intercept  values.  Would  you  comment  on  the  origin  of  that 
variance? 

Anthony  G.  Evans:  Let  me  see  if  I can  find  it  so  1 can  point  out  to  everybody  what  you  mean.  You  see 
I didn’t  take  them  to  zero.  The  reason  for  that,  of  course,  is  that,  if  the  defect  thickness  is 
really  zero,  the  Strength  goes  to  the  theoretical  strength.  So  all  of  these  curves  should  go  to  the 
theoretical  strength  at  zero  thickness.  I referred  to  measurements  that  we  actually  made.  The 
smallest  defect  we  had  in  there  was  50  microns.  The  actual  results  have  to  go  up  very,  very  rapidly 
to  yield  theoretical  strengths  at  zero  thickness. 

Robb  Thomson,  Chairman.  I think  one  more  guestion,  then. 

Thomas  De  Lacy  (Ford  Aerospace):  I am  surprised  that  you  continue  to  look  at  single  discrete  defects. 

Why  aren't  we  looking  at  the  effects  of  the  interrelation  of  size  distribution  and  maybe  a range  of 
inclusions  or  particulates  within  the  material? 

Anthony  G.  Evans;  The  reason  that  we  have  confined  ourselves  to  so-called  isolated  defects,  not  inter- 
acting defects,  is  that  our  initial  interest  is  in  the  case  of  a hot  pressed  silicon  nitride  for 
which  all  our  fracture  studies  have  indicated  that  (except  in  rare  cases)  fracture  does  indeed 
occur  from  individual,  isolated  inclusions  or  from  surface  cracks.  There  are  no  interaction 
effects  between  them.  That's  not  the  case,  I know,  in  reaction  bonded  silicon  nitride  where,  clear- 
ly, one  has  interaction  effects  before  fracture. 

Thomas  De  Lacy:  But,  you  know,  there  are  regression  and  oxidation  mechanisms.  There  are  lots  of  things 
that  could  be  interrelated  to  the  behavior  of  the  ceramic  in  service;  but  your  whole  study  is  ceramic 
fracture.  I guess  that’s  the  key. 

Anthony  6.  Evans:  There  is  a lot  of  work  going  on  in  the  program  in  that  vein  in  recognizing  that  oxida- 
tion does  introduce  a new  population  of  surface  cracks  that  weren't  there  at  the  onset  of  the  inspec- 
tion. What  we  find  out,  though,  is  that  that  population  tends  to  level  off  after  a certain  while. 
There  is  a plateau  in  the  strength  as  a function  of  oxidation  time  as  it  turns  out.  To  design  below 
that  level,  then,  one  is  concerned  with  the  cracks  that  existed  prior  to  the  oxidation  which  are 
deeper  than  the  oxidation  layer.  That  Is  our  present  prospective. 

Thomas  Oe  Lacy;  I understand,  but  the  mechanism  that  might  be  workino  is  the  synergistic  effect.  Im- 
proved understanding  of  the  oxidation  mechanism  that  could  change  the  chemical  bond  state  is  rather 
interesting.  We  looked  at  that  some  time  ago  at  General  Dynamics.  I was  associated  with  Mossbauer 
spectroscopy  and  there  are  lots  of  technigues  that  could  be  interrelated  to  this  kind  of  work  that 
could  be  very  valuable.  I am  surprised  we  are  not  doing  some  of  that. 

Anthony  G.  Evans:  I think  your  surprise  will  be  moderated  when  you  start  looking  at  the  dollars  that  will 
be  mountev.  up  even  for  the  nunfcer  of  tests  we  have  conducted.  It  is  a lot  of  dollars.  You  are 
right,  though.  I think  one  should  always  have  in  the  back  of  one's  mind  that  these  effects  are 
occurring  in  service  and  they  do  modify  the  roughness  of  it  as  well  as  the  flaw  size.  I think  that 
is  going  to  be  further  down  the  road. 

Robb  Thomson,  Chairman:  I think  at  this  point  we  should  terminate  this  part  and  go  on  to  the  next  lecture. 
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ABSTRACT 

The  structural  performance,  reliability  and  durability  of  polymer  composites  can  now  be  correlated 
with  three  generic  classes  of  internal  defects.  The  first  generic  class  of  chemical  structure  defects 
(site  lO-IOOA)  that  control  critical  design  properties  such  as  glass  transition  T , moisture  absorption, 
and  dimensional  changes  can  be  controlled  by  chemical  analysis  of  raw  materials  pfior  to  manufacture. 

A second  generic  class  of  manufacturing  defects  (site  greater  than  1 Jem)  include  inclusions,  voids  and 
debonds  which  are  related  to  manufacturing  process  control  and  recognited  by  ultrasonics,  optical  scanning 
and  other  techniques  sensitive  to  interfacial  imperfections.  The  interaction  of  these  two  classes  of 
intrinsic  defects  with  environmental  and  mechanical  stresses  produces  a third  class  of  macroscopic  fatigue 
defects  such  as  interconnected  microcracks  and  macroscopic  crack  growth  which  can  be  detected  by  visual 
inspection  and  ultrasonic  emission. 

The  recognition  of  intrinsic  structural  defects,  and  their  contributions  to  polymer  composite  reli- 
ability, represents  an  important  extension  in  the  analytic  modeling  and  reliability  predictions  for  struc- 
tural polymers,  adhesively  bonded  metals  and  high  strength  fiber  reinforced  composites  in  which  the  physi- 
cal chemistry  parameters  appear  as  primary  control  variables.  This  discussion  introduces  and  discusses 
combined  deterministic/statistical  models  for  polymer  composite  reliability.  The  molecular  process  which 
determines  the  relation  between  environmental  condition  and  macroscopic  structural  effect  is  detailed  with- 
in such  models  and  provides  important  criteria  for  chemical  and  manufacturing  optimization  of  polymer 
composite  reliability.  Experimental  data  of  aging  effects  on  the  statistical  strength  distributions  of 
structure  polymers,  metal -to -metal  joints  and  reinforced  composites  are  examined  and  compared  with  model 
predictions . 


INTRODUCTION 

Concepts  of  structural  design  for  reliability 
are  old  and  well  used.  A classical  expression  of 
these  concepts  Is  well  illustrated  in  the  fol- 
lowing excerpt  of  a poem  by  Oliver  Wendell  Holmes 
as  described  in  Table  1. 

TABLE  1 

THE  DEACON'S  MASTERPIECE: 

Or  the  Wonderful  “Ont-Hoss-Shay . 

A Logical  Story 

Have  you  heard  of  the  wonderful  one-hoss-shay. 
That  was  built  in  such  a logical  way 
It  ran  a hundred  years  to  a day. 

And  the,  of  a sudden  - ah,  but  stay. 

I'll  tell  you  what  happened  without  delay. 

At  age  one  hundred  years  to  the  day 
There  are  traces  of  age  in  a one-hoss-shay 
A general  flavor  of  mild  decay. 

But  nothing  local,  as  one  may  say. 

There  couldn't  be,  - for  the  Deacon's  art 
Had  made  it  so  like  in  every  part 
That  there  wasn't  a chance  for  one  to  start. 
And  yet,  as  a whole,  it  is  past  a doubt 
In  another  hour  it  will  be  worn  out! 

This  morning  the  parson  takes  a drive. 

All  at  once  the  horse  stood  still. 

Close  by  the  meet 'n'-house  on  the  hill. 

-First  a shiver,  and  then  a thrill. 

Then  something  decidedly  like  a spill,- 
And  the  parson  was  sitting  upon  a rock, 

-What  do  you  think  the  parson  found. 

When  he  got  up  and  stared  around? 

The  poor  old  chaise  in  a heap  or  mound. 

You  see,  of  course,  if  you're  not  a dunce. 


How  it  went  to  pieces  at  once,- 

A11  at  once,  and  nothing  first, - 

Just  as  bubbles  do  when  they  burst. 

The  design  of  high  performance,  reliability,  and 
durability  into  mobile  structures  such  as 
spacecraft,  airplanes,  cars,  or  the  one-horse-shay 
described  above  is  a special  branch  of  structural 
engineering  in  which  weight  minimization  is  an 
important  design  constraint.  The  rapidly  evolving 
polymer  composite  technology  represents  new  inputs 
which  make  exotic  advanced  structures  such  as  the 
man-powered  airplane  "Gondor",  and  the  Space 
Shuttle  functional  within  their  design  constraints. 

One  specific  objective  of  this  discussion  is 
to  review  current  reliability  concepts  and 
identify  new  approaches,  particularly  relevant  to 
polymer  composite  materials.  A second  objective 
is  to  indicate  the  important  role  that  predictive 
models  and  computer  aided  design  and  manufacture 
(CAD/CAM)  can  play  in  achieving  polymer  composite 
reliability.  A final  objective  is  to  illustrate 
the  utility  of  determining  the  molecular  processes 
which  control  macroscopic  reliability  and  define 
environmental  aging  and  nondestructive  evaluation 
(NOE)  directly  in  terms  of  the  molecular  process. 

Current  Concepts 

Current  concepts  of  engineering  design  to 
achieve  structural  reliability  are  detailed  in  an 
excellent  review  edited  by  Swedlow,  Cruse,  and 
Halpin{2),  Several  of  the  important  current 


•exerpts  frpm  a poem  by  Oliver  Wendell  Holmes,  in 
"The  Autocrat  of  the  Breakfast  Table",  pp. 
252-256,  The  Riverside  Press,  Cambridge,  Mass. 
(1895)  relating  to  "Structural  design  for 
reliability." 
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definitions  of  reliability  provide  valuable 
insight  into  design  concepts.  A widely  used  and 
generally  accepted  definition  of  reliability  is 
described  by  the  so  called  "bathtub  curve"  of 
Fig.  1,  and  the  following  definition  of 
reliability  R by  the  following  equation: 


R- 


k (t)  dt 


(1) 


where  X(t)  is  defined  as  the  failure  rate  at  time 
t,  or  the  "bathtub  curve"  and  Eq.(l)  define  a 
break  in  period  in  which  manufacturing  defects  are 
covered  by  warranty  and  repaired  without  charge. 
Following  this  break  in  period,  the  failure  rate 
is  minimized  and  dominated  by  circumstantial 
failure  until  a period  where  the  wearout  process 
characteristic  of  environmental  aging  begins  to 
dominate.  As  pointed  out  by  Heller(3)^  human 
existance  is  modeled  by  higher  infant  mortality 
(burn-in)  followed  by  primarily  accidental 
mortality  during  early  maturity  and  terminating  in 
wear  out  by  aging  as  shown  in  Fig.  1. 


Fi^.  1 Failure  rate  criteria  for  reliability. 

With  ceramic  materials  where  time  effects  are 
nondominant  and  failure  is  primarily  determined  by 
stress  initiated  failure  modes,  the  concept  of 
structural  reliability  can  be  defined  by  applied 
and  allowable  stress  distributions  as  shown  by  the 
curves  of  Fig.  2,  and  the  following  definition  of 
reliability  R as  given  in  the  following  relation; 


fX)dX  dx 


(2) 


where: 


/. 

f: 


tr  (x)dx  -1.0 


(XldX 


1.0 


describe  the  areas  beneath  the  stress  distribution 
curves  of  Fig.  2.  If  the  distribution  of  applied 
stresses  (x)  is  less  than  the  distribution  of 
allowable  stresses  (X),  the  value  R = 1.0,  the 
greater  the  interpenetrat ions  of  these  two 
distributions  as  shown  by  detail  A of  Fig.  2,  the 
lower  the  structural  reliability  R. 


In  metal  structures  which  exhibit  ductility 
and  slow  crack  growth  under  fatigue  loading,  a 
fracture  mechanics  approach  to  failure  prediction 
is  employed  in  the  design  of  fracture  resistant 
structures.  The  procedures  to  insure  reliability 
outlined  by  Tiffany(5)  and  graphed  in  Fig.  3 
include  defect  characterization  (left  view) 
combined  with  experimental  studies  of  crack  growth 
rates  (right  view)  and  the  determination  of 
critical  crack  size  where  rapid  fracture  occurs. 


Fig.  2 Applied  and  allowable  stress  distri- 
bution analysis  of  reliability. 


This  design  strategy  for  structure  reliability 
assumes  that  pre-existing  defects  are  either 
inherent  in  the  material  or  produced  during 
fabrication.  Flaw  detection  by  nondestructive 
inspection  (NDl)  becomes  of  primary  importance  in 
eliminating  detectable  flaws.  Sacrificial  proof 
testing  may  be  applied  to  eliminate  all  flaws 
above  a given  size.  The  result  of  both  NOI  with 
rejection  at  flaw  size  8 or  proof  testing  with 
sacrificial  failure  at  flaw  size  A is  to  establish 
the  determined  safe  crack  growth  curves  in  the 
right  view  of  Fig.  3. 


Fig.  3 Fracture  mechanics  criteria  for  struc- 
ture reliability. 


An  intrinsic  problem  in  designing  large 
structures  involves  the  extrapolation  of  strength 
and  reliability  data  obtained  from  small  coupon 
specimens  to  values  appropriate  to  the  large 
structure.  In  practice  this  problem  is  further 
complicated  by  the  fact  that  manufacturing  defects 
in  the  large  structure  may  differ  from  those  small 
coupon  specimens  manufactured  separately. 

Materials  which  are  not  particularly  sensitive  to 
flaws,  Such  as  metals  exhibit  far  less  scatter  in 
strength  than  brittle  materials  which  are  flaw 
sensitive.  At  the  micro-mechanical  response  level 
the  scatter  in  strength  is  due  to  the  distribution 
of  flaws.  As  discussed  by  Jerina  and  Halpini^)^ 
the  extreme  value  (or  Weibull^)  statistical 
distribution  function  has  now  been  widely  applied 
in  materials  science  and  engineering. 

The  Weibull  distribution  function  defines 
reliability  R by  the  following  relationv^-B) . 
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H . l-f  . en>  (-V,K,N,  (j,’)'"! 

«ih«*r*  F Is  fat  lure  prubatillUy,  V|,  K,,  N| 
are  respectively  related  to  slie,  shape,  and 
nueiertc  ci)wple»Uy  efferls  upon  the  mean  strength 
Flat  rellabltUy  level  R • l/e>0.3b8.  The 
Jibuti  distribution  shape  factor  m Is  determined 
from  analysis  of  experimental  data  where  the 
measured  strengths  o are  arranged  serially,  j • 

l,?,J N In  Increasing  order  of  o and  the 

reliability  Is  viefined  as  follows;(M 

N . 1-F . 4-yi> 


8y  taking  logarithms  of  {q,(J)  we  obtain  the 
tolli'wing  linear  relation: 

In(-lnlt)  -milno-  In/tl)  ♦ InV^k^N^ 

where  the  ordinate  becoiiM>s  In(-lnR),  the  slope  Is 
m and  the  Intercfot  at  In(-lnR)  • 0 Is  a reference 
mean  strength^l,  for  the  reference  condition 
V|K|V|  . V„K„Vo  . 1.0. 

The  several  Implications  Inherent  In  the 
W<>lbull  criteria  for  structural  reliability  are 
graphically  sumearl/ed  In  Fig.  4 and  discussed  In 
greater  iletall  by  Jerlma  and  Halpln.(°)  The 
left  views  of  Fig.  4 trace  the  progressive  effects 
of  Increasing  sUe,  shape  with  a hole  stress 
concentration,  and  numeric  n>mpleslty  by  N holes. 
In  the  upper  right  of  Fig.  4,  the  predicted 
lowering  of  im'an  strength  frivn  for  the 
reference  coupon  specimen  loFlj,  fl’  and /I  i 
Is  defined  by  the  following  relatlon:(o) 


which  assumes  that  the  Welbull  slope  m remains 
constant  with  varied  V,  K,  and  N.  Both  fg.(5)  and 
the  lower  right  view  of  Fig.  4 jwlnt  out  the 
fundamental  Importance  of  the  Welbull  slope  m In 
structural  design.  As  shown  In  the  lower  right 
curves  of  Fig.  4,  If  the  the  Welbull  slope  factor 
m displays  a high  value  m ■ JO,  the  Increase  In 
sl/e  or  number  ccvnp levity,  such  as  Vj/Vj,  • UW 
or  Nj/N.,  ■ 100,  only  slightly  lowei's  the  mean 
strength  wlth/t/rt,*  0.8b.  However,  where  the 
Welbull  shape  factor  m Is  lowered  to  represent 
typical  structural  materials  such  as  m ■ 4 for 
aluminum,  the  prediction  Is  that  with  V./Vj,  • 

UXl  or  Ni.'N,  • 100,  a major  lowei'lng  of  "'mean 
strength''wllh  /VVfj  • O.J.’  results.  Thus, 
where  m represents  a material  property  relating  to 
the  distribution  of  microflaws,  the  translation  of 
this  material  property  to  large  scale  structural 
reliability  R Is  well  delineated  In  Welbull 
ifef  Init  Ions. 

This  section  has  provided  a brief  review  of 
statistical  definitions  of  structural  reliability 
which  form  the  basis  of  current  design  practice  In 
compcssite  structures.  The  Welbull  distribution 
provides  an  entry  point  for  translating 
microscopic  material  responses,  as  defined  by  m 
and  t\.  Into  predictions  of  large  scale 
structural  reliability. 


Hg.  4 Welbull  criteria  tor  structure 
tvl  lability. 


t^al  Path  Concept 

The  struclural  performance,  re  1 1 .sbl  I Ity , and 
durability  of  polymer  comjcosltes  can  now  be 
cc'rrelated  with  three  generic  classes  of  defects. 
The  first  class  of  generic  defects  (slie  l-,’00A) 
that  control  critical  design  properties  such  as 
glass  transition  Tg,  moisture  absorption,  and 
dimensional  changes  can  be  controlled  by  chemical 
analysis  and  sel(*ction  of  raw  materials  prior  to 
manufacture ' A second  generic  class  of 
manufacturing  detects  (sl/e  greater  than  UVrni) 
Include  Inclusions,  voids,  and  debonds  which 
results  from  non-optimum  process  control  In 
fabrication  and  manufacture.  Ihls  second  class  of 
ilefects  are  detected  by  ultrasonics,  optical 
scanning  and  other  methods  sensitive  to 
Interfaclal  Imperfections  as  Is  well  detailed  bv 
other  papers  at  this  conference. 

The  Interaction  of  these  two  classes  of 
Intrinsic  defects  with  env  Ironmc'iit  a I and 
mechanical  stresses  vcrodcices  a third  class  of 
macroscopic  fatigue  .fefects  such  as  netwoiks  of 
Interconnected  microcracics  as  wi’ll  as  singular 
macroscopic  cracK  growth  These  fatigue  defects 
can  he  detected  by  ultrasonic  emission,  moisture 
diffusion  analysis,  and  optical  inspection. 

Recognition  that  Intrinsic  chemical  and 
manuf actur Ing  defects  r,vy.  In  large  part, 
determine  polymer  Ccmiposite  lellabllltv  represents 
an  liiHiortant  extension  of  .analytical  modeling  in 
which  physical  chemistry  par.imeters  .ippear  as 
l>i  lm.ary  control  variables.  A preferred  dual  path 
.approach  for  correlating  environmental  (plus 
mechanical)  aging  with  macroscopic  strength  is 
shown  in  Fig.  S.  In  addition  to  the  statistical 
correlations  for  structure  reliability  discussed 
In  the  preceeding  section,  the  dual  path  aiiproach 
adds  detailed  spectroscopic  analysis  to  define  the 
nxclecuKar  process  of  aging  and  strength  change. 

As  shown  In  Fig.  S,  the  preposlllcin  of  process 
scale-up  chai  ai  terl/at  Ion  to  .lefine  and  sontiol 
manufacturing  , fefects  Is  inherent  In  the  dual  path 
.ipproaih.  lit  1 1 I/at  ton  of  the  dual  path  approach 
usefully  combines  both  .letermliilst  1c  and 
statistical  models  for  polymer  coagioslte 
reliability.  A highly  evolved  flow  chart  for 
polymer  composite  reliability  analysis  is  slwiwn  by 
the  bl.ick  di,igram  of  Fig  b.tl*' 
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Fig.  5 Preferred  dual  path  for  correlating 
environmental  aging  with  macro- 
scopic strength. 


Fig.  6 Technical  approach  to  polymer  com- 
posite reliability. 


The  left  column  of  Fig.  6 deals  with  studies 
of  composite  system  response  and  develops  the 
Important  statistical  correlation  between 
environmental  aging  and  composite  reliability. 

The  central  column  of  Fig.  6 defines  special 
studies  of  Interfacial  bonding,  which  range  from 
surface  chemistry  to  macroscopic  characterization 
of  surface  roughness.  These  studies  are 
dominantly  related  to  Isolation  and  control  of 
manufacturing  defects  Introduced  by  Improper 
surface  treatment  and  process  conditions  for 
bonding  and  curing. 

The  right  column  of  Fig.  6 defines  essential 
studies  In  polymer  properties  which  Include 
chemical  analysis,  polymer  synthesis,  molecular 
weight  characterization  and  mechanical  spectrum 
analysis.  In  polymer  studies,  these  four  areas  of 
study  are  presently  closely  Interconnected. 

Failure  of  polymer  cohesive  response  In  composite 


applications  Is  readily  Identified  In  molecular 
terms  and  corrective  action  involving  polymer 
chemistry  and  chemical  analysis  becomes  available 
to  composite  reliability  studies. 

The  present  problem  with  regard  to  full 
implementation  of  the  technical  approach  shown  in 
Fig.  6 Is  the  failure  of  material  scientists  to 
convert  their  detailed  physical  data  Into 
parameters  directly  useful  to  the  design  engineer 
for  large  scale  structures.  This  problem  has  been 
recognized  and  a semi  formal  approach  for 
resolution  has  been  proposed  by  Kelley  and 
W1111ams(I5)  the  form  of  a morphological 
scheme  termed  the  "Interaction  Matrix".  The 
Interaction  matrix,  as  shown  In  Table  2,  lists 
mechanical  property  requirements  as  defined  by  the 
design  engineer  as  column  headings.  A list  of 
molecular  properties  as  defined  by  the  material 
scientist  are  listed  In  descending  order  as  row 
headings.  Within  the  box,  defined  by  a design 
requirement  and  a molecular  property,  the  degree 
of  correlation  Is  assigned  on  a numeric  scale  such 
as  shown  In  Table  2.  By  summing  these  numbers 
across  both  the  rows  and  columns  as  shown  by  the 
ii  values  In  Table  2,  the  position  of  both  rows 
and  columns  can  be  rearranged  to  maximize  the 
strong  correlations  within  a matrix  as  shown  In 
the  upper  left  section  of  Fig.  2.  This  summing 
and  rearrangement  of  the  Interaction  matrix  tends 
to  focus  coninunlcatlons  and  research  toward  the 
most  fruitful  sector  of  defined  engineering  need 
and  molecular  response. 

Table  2.  Interaction  matrix  between  molecular 
property  and  mechanical  requirement-, 

3=btrong  Interaction,  Z=Med1um,  1= 
Negligible,  0=Unknown,  i^bum  of  Interactions 
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The  development  of  quantitative  and  preferably 
deterministic  relations  between  engineering  design 
parameters  and  molecular  response  variables  Is,  of 
course,  the  desired  end  point  In  the  dual  path 
approach.  An  Illustrative  reliability  and 
durability  model  for  the  polymer  subphase  In 
composite  response  Is  detailed  In  the  following 
set  of  six  relations: 
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GLASS  TRANSITION  RESPONSE 


a). 


Vt  rw  r 


(6) 


RHIOLOCIML  RESPONSE 

17-4(T-T  ) 

■ 5V.6  ♦ 


(8) 

(9) 


RELIABILITY-EAILURE  RESPONSE 

m(o)  in(f)  . 

R^,  ■ exp  -(— ) exp  -(--)  exp  -(^^) 
D D D I 


m(t) 

(10) 


R,  • R»*  (1-Rj  R^ 


(U) 


The  detsUs  of  symbols  and  pareoieter 
definitions  for  this  model  are  suenarlted  In 
Table  3. 

Table  3.  Nomenclature  for  polymer  reliability 
relations 


Vtti' 'hoiM 


fttftrtfK-f  4U««  tramtUlOA  kjr  ■DMi>M»r  toapoiUlDM 

Wmtiflfi  of  •otocHlop  aDlor  coMtiM 

VMMtIOM  Of  aBltCvlV  •>  frOf^M 

Cll) 

Tiat  tcolt  C«rrfctt«A  fKtor 

itailMiT  T.  ««  <ffo(to4  kjr  (tOfitllo)  <f. 

•otturo  fciKOmtrillom  C^^o.  OMl  U * rotflltlOM  Offocti 
on  rtcifrocol  aotKol*-  (N'T,  ng^f- 

•t 

flat  iHtft  foctor  tor  rhoolofUOl  r««oontt 

Toit  tO^OeolHro 

Ttat  <l»on<ont  aoAiloi 
t1a«t  («oH«)  lUto  aotfwiyt 

ilott  ao^ylvt 

fogt  ttao  oM  oefOAonl 

Koloaotlon  tia*  for  lUig  to  niMor  tron«Mfon 

ffraino)  tiat  f«r  ryMor  U flo«  trongUlon. 

RoMokUHy  {•  %<areW«l  •r«%»bUU]i) 

H«t*a«l  roMoblUty  at  Tnfinito  t»at 

Rtioiaiion  ifaa  for  ifaihui)  fatturo  vrocott 

Stroll  (Itnillo)  for  Moikutl  fatlwro  procoil 

Strain  (tfnillo)  for  Holkyll  faMyro  Orocoil 

M\), 

«iitrikHtion  iMaao  factori  for  itao  (t).  itroti 
(«*).  ano  itrain  (a)  tfoainato^  faUuro 

This  model  starts  by  Introducing  chemical 
structure  and  measurement  time  contributions  to 
define  a reference  T m Eg. (8).  Jbjs  relation 
was  empirically  developed  by  Mayes(l')  and 
correlated  with  glass  transition  theory  by 
Kaelbleli®)^  Monomer  seouence  distribution  as 
discussed  by  Johnston(I9J  and  semicrystallinity 
as  discussed  by  BoyericO)  complicate  use  of 
Eg. (6)  for  some  polymers.  The  Important  concept 
embodied  In  the  relation  Is  that  functional  group 
properties  of  the  monomeric  unit  determine  an 


Important  thermal  transition  relating  to 
environmental  durability. 

In  Eg. (7)  the  effects  of  mechanical  stress  , 
bulk  moisture  concentration  C^.q  and  U.V. 
radiation  effects  on  reciprocal  poijmwr  aniecular 
weight  H-1  are  Identified.  Coimaon  values  for 
the  partial  derivatives: 

/ST  \ °r  ^ 

* ‘O-l  — (for  polystyrene,  ref. 18) 
-6.0°C/wttH20  (for  epoxy,  ref. 21) 


* -0.06°C/M'*  (general,  ref. 18,22). 


The  fundamental  Issue  which  Is  directly 
expressed  by  Eg. (7)  Is  the  direct  description  of 
local  or  macrosopic  changes  In  nominal  values  of 
glass  temperature  Tg  due  to  separate  or  combined 
effects  of  mechanical  stress,  moisture  and  U.V. 
exposure  effects  on  M'l.  In  general,  one  must 
assume  effective  local  concentration  effects  In  <r, 
Ch.'Q,  examples,  stress 

concentrations  at  crack  tips,  or  high  surface 
moisture  concentrations  will  locally  reduce  Tg. 

The  familiar  MLF  eguat1on(23)  presented 
as  Eg. (8)  Is  a nearly  universal  relation  for 
calculating  the  time  shift  factor  at  at  test 
temperature  T which  characterizes  all  rheology 
dominated  response  of  the  polymer  Interfacial 
subphase.  Since  Tg  in  this  relation  is 
previously  deflned*by  Eg. (7),  all  the  connents 
presented  above  for  spatially  localized  Tg 
states  are,  of  course,  transformed  by  Eg. (8)  Into 
spatially  localized  time  response  states  In  terms 
of  aj  within  both  the  bulk  polymer  and  at  the 
Interface.  It  Is  particularly  evident  that  a 
polymer  composite  at  temperatures  near  Its 
reference  T^  will  display  a potentially  wide 
dlstributlolTof  ay  values  with  local  variations 


The  values  of  ar  generated  from  Eg. (8) 
appear  as  time  t shift  factors  In  both  Eg. (9), 
which  defines  subphase  modulus  and  Eg. (10), 
which  defines  the  WelbuH  type  reliability  R,. 

A modified  PQwer  law  relation  suggested  by  Kelley 
and  W1111ams(T8)  approximate  fitting  of 
viscoelastic  data  In  polymeric  materials  over 
extremes  of  time  response  If  presented  In  Eg. (8). 
An  example  calculation  of  M^  response  over  30 
decades  of  reduced  time  (t/aj)  for  a typical 
amorphous  polymer  such  as  polystyrene  Is  shown  In 
the  solid  curve  of  Fig.  7. 

In  Eg. (10),  which  defines  a reduced  time 
function  for  reliability  (egulvalent  to  survival 
probability),  the  aj  parameter  appears  as  a time 
reduction  factor,  the  complexity  In  time  scales 
of  failure  for  uniform  failure  conditions  Is 
presented  In  physical  terms  by  the  Halpin  and 
Po11ey(’')  model  for  fracture.  The 
Halpin-Pol ley  model  describes  a statistical 
distribution  of  flaws  as  present  In  all  pol/aeric 
materials  and  mathematically  connects  these 
defects  to  the  well  known  Uelbull  freguency 
d1str1but1on(b-8)  which  assumes  that  ffllyre  Is 
Initiated  at  the  weakest  link.  Gardon1‘‘)  has 
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Fig.  7 Calcuiateil  function  of  and  Ri 
for  M - 20,000  kg/cm2. 
fC*  z.O  kg/an^i  r ■ 100$,  r ■« 


IL  * 0.  "o 


io4s. 


1.0. 


Fig.  8 Illustrative  relations  between  ten- 
sile stress  0 and  tiine  shift  factor 
log 


shown  that  tine  fluctuations  in  steady  state  peel 
fracture  appear  to  fit  a Gaussian  frequency 
distribution  which  Is  essentially  identical  to  the 
distribution  defined  by  Eq.(3)  when  the  Ueibull 
shape  factor  exponent  takes  the  value  m • 3.67. 

The  dashed  curve  of  Fig.  7 presents  a plot  of 
Eq.(lO)  with  m(t)  ■ 1.0  which  is  relatively  low 
for  typical  polymer  failure. 

A simple  calculation  is  introduced  to 
demonstrate  the  fundamental  propositions  in  terms 
of  stress-strain  behavior  and  failure  response  of 
a polymeric  subphase.  First,  assume  the  and 
Rf  properties  of  this  subphase  are  described  by 
the  curves  in  Fig.  7.  Also  assume  the  subphase  is 
tested  in  tension  somewhat  below  the  subphase 
glass  temperature  with; 


r - T^  • -30°C 


By  use  of  Eq.(7)  and  Eq.(8)  the  curves  shown  in 
Fig.  8 can  be  calculated  to  correlate  stress 
magnitude  <r  with  log  t/a\.  The  curves  in  Fig.  8 
illustrate  the  WLF  prediction  of  stress  effects  on 
the  time  shift  factor  and  show  that  tensile 
stresses  readily  supported  by  the  cohesive  or 
interfacial  strength  of  a glassy  polymer  can 
change  rheological  response  time  of  the  material 
over  many  decades  and,  in  fact,  produce  rubbery 
state  response  when<r  .>300  tCg/cm?  for  the 
example  shown.  For  a known  stress-strain  response 
for  the  material,  such  as  defined  by  simple  time 
dependent  Hook i an  response; 

•r  (t)  ■ . . M,(t) 

It  follows  that  stress-strain  curves  in  tensile 
creep  can  be  calculated.  This  calculation  applies 
for  the  case  of  instant  loading  to  constant  stress 
IT,  and  maintaining  this  stress  constant  to  a 


designated  constant  t1ne„t,  which  we  set  at  t • 

1.0  sec  and  t • 8.61  ■ 10“sec  • 20yr.  Isochronal 
creep  stress  vs  strain  curves  can  be  constructed 
from  the  curves  of  Fig.  7 and  Fig.  8. 

The  20  year  life  of  the  polymer  composite 
reflected  by  tensile  creep  curves  for  t • 20  yr  • 
6.31  ■ 108  sec  shown  in  lower  Fig.  9 can  be 
readily  generated  In  the  same  fashion  as  the  t • 
Isec  response  curves  shown  in  upper  Fig.  9.  In 
summary,  the  Intent  of  this  section  and  the  above 
Illustrative  examples  Is  to  show  that  the  right 
vertical  arrows  which  connect  chemical  synthesis 
to  mechanical  spectroscopy  in  Fig.  6 are  detailed 
by  structure-property  relations.  In  Eq.(8)  the 
time  shift  factor  aj  can  be  reset  by  changes  In 
temperature  T,  stress  o,  moisture  '•oncentratlon 
.Q,  and  reciprocal  polymer  molecular  weight 
M'l'  to  accelerate  natural  degradation  processes 
which  determine  long  term  durability  and 
reliability. 

The  data  summary  of  Table  4 reports 
experimentally  determined  Helbull  strength 
distributions  of  structural  adhesives,  fibrous 
reinforced  co<aposltes,  and  adhesive  bonded  metal 
Joints  under  different  conditions  of  environmental 
aging.  These  strength  distributions  were  obtained 
In  conjunction  with  physical  chemical 
characterizations  which  clarify  the  shift  In  the 
Weibull  values  of  mean  strength  o,.  and 
distribution  shape  factor  ml<r)  reported  In  Table  4 
will,  perhaps,  provide  practical  Insights  Into  the 
proposed  dual  path  concept  sketched  in  Fig.  S. 

HultIphase  Structural  Adhesives 

Epoxy  structural  adhesives,  toughened  by  a 
rubbery  subphase,  are  ^ extensively  used  In 
aircraft  structures!'®).  Current  adhesively 
bonded  primary  structures  such  as  Air  Force  PA8ST 
(primary  adhesive  bonded  structures  technology) 
Include  carboxy  terminated  butadiene  acrylonitrile 
(CTBN)  rubber  as  a chemically  combined  constituent 
of  the  epoxy  structural  adhesive!'®).  In  CTBN 
modified  epoxy  adhesives,  the  rubbery  subphase 
precipitates  during  curing  of  the  adhesively 
bonded  Joint.  This  produces  the  multiphase 
morphology  and  microstructure  that  leads  to  a 
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Fig.  9 CilcuUted  tensile  creep  stress  o(t) 
vs.  strain  ((t)  (solid  curves)  and 
reliability  Rjit)  reduced  stress 
Rt(t)  o.(t)  vs.  strain  <(t)  (dash- 
ed curves)  at  t ■ 1 sec  (upper  view) 
and  t ■ 20  yr  (lower  view). 


Table  4.  Welbull  strength  distributions 


SIT  • MrfK*  tla»,  HT  • toM  tRpMiirt  tlai  •(  M*C  tf>4  IMt 

rtiHIW 


strongly  enhanced  fracture  toughness(30-34)^ 
where  (Gic  • 2.0  to  4.0  kj/ia?  with  15|  CTBN 
•odifler,  coagiared  to  0,1  to  0.2  kJ/aK  for 
unaodifled  epoxy  resInsl^S). 

Several  detailed  studies  of  the  fracture 
P'’0P4rt1es  of  CTBR  Modified  epoxy  adhesives  now 
show  that  their  high  fracture  toughness  Is  related 


to  cavitation  and  crating  (stress -whitening)  due 
to  dllattonal  strains  In  the  triaxial  stress  field 
of  the  crack  tipi” •’5),  Since  extensive 
Microstructure  degradation  precedes  final  failure 
In  CTBN  toughened  epoxy,  an  loportant  question  Is 
idiether  the  statistical  distribution  of  cohesive 
strengths  Is  adversely  Modified. 

A special  study  was  undertaken  to  clarify  the 
Multiphase  Morphology  effects  upon  the  statistical 
distributions  of  cohesive  strengths  using  the 
Materials  suMMarIzed  In  Table  5.  Nicrotenslle 
test  speclMons  (ASTN  Method  1708-66)  were  die  cut 
froM  the  cured  epoxy  fllMS  while  they  were  heated 
to  rubbery  state  response  at  120OC.  Tensile 
tests  were  conducted  at  a strain  rate  < of 
0.09  Min*l.  Single  speclawn  tests,  at 
teMperatures  froM  -200oc  to  200OC  as  shown  In 
Fig.  10a,  were  conducted  to  detenalne  the 
teMperature  dependence  of  noMlnal  tensile  strength 
•r^,.  At  -ISOOc  and  100®C,  which  represent 
lower  and  upper  service  teMperatures  In  structural 
applications,  larger  groups  of  speclxiens  were 
tested  to  deterolne  the  statistical  distribution 
ofo-),.  Six  groups  of  speciMens,  as  suMMarIzed 
In  upper  Table  3,  describe  the  bounds  of  strength 
variation  Indicated  In  Fig.  10a  by  the  extrcMe 
high  and  low  tensile  strengths  Indicated  by  the 
bracketed  error  bars  at  -ISOOC  and  100®C  for 
each  strength  curve. 


Table  5.  Co-reactants  for  three-dimensional 

epoxy-nitrile  rubber  block  copolymers. 

t.  OMM  M,  itmW  CtMBicBl  CM^Bwyl,  100  pfe« 
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0 CM,  0 
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In  Fig.  10b,  the  strength  data  points  are 
arranged  serially  J • 1,  2,...N  In  Increasing 
order  of  and  the  survival  probability  ( = 
reliability)  Is  defined  by  Eq.(4)  where  N Is  the 
number  of  observations  and  F is  the  failure 
probability.  Six  groups  of  data  show  the 
cumulative  distribution  of  survival  probability. 
The  ratio  of  extreiae  strength  values  (Table  4)  for 
pure  epoxy  Is  not  dramatically  modified  by  either 
extreates  of  test  temperature  or  composition.  The 
study  thus  supports  the  view  that  the  statistical 
distribution  of  cohesive  strengths  Is  not  strongly 
or  adversely  modified  by  addition  of  CTBN. 
Inspection  of  Fig.  10  provides  the  following 
conclusions  In  relation  to  fracture  Integrity: 

(1)  The  effect  of  temperature  change,  from 
-1500c  to  lOOOc,  dominantly  Influences  the 
cohesive  strengths  of  CTBN  toughened  epoxy. 

(2)  Chemical  composition  changes,  from  0-50S  by 
weight  CTBN  epoxy  axidlfler.  Is  the  second  most 
domlnent  strength  determinant. 
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Fig.  10(d)  The  temperature  and  compositional 
dependence  of  the  tensile  strength 
for  a rubber  modified  epoxy. 

Fig.  10(b)  The  stress  dependence  of  the  sur- 
«ival  probability  for  rubber 
modified  epoxy  at  -150  and  100  C. 


(3)  Statistical  strength  variation,  for  a survival 
probability  range  from  0.05  to  0.95,  is  a 
minor  strength  determinant. 

It  thus  jppears  that  the  15-40  fold 
enhancement  of  fracture  toughness  by  inclusion  of 
approximately  15X  CT8N  in  structural  epoxy  resins 
displays  its  principal  adverse  effect  in  shifting 
the  entire  distribution  of  high  temperature 
tensile  strengths  to  lovier  values,  without  change 
in  shape.  This  adverse  effect  on  high  temperature 
strength  is  physically  related  to  the  lower 
crosslinking  density  for  the  three-dimensional 
network  formed  between  CTBN  and  epoxy 
coreactants. 

Fibrous  CoeiMSlte  Reliability 
Hydrothermal  exposure  [combined  high  moisture 
and  temperature)  of  graphite  reinforced  epoxy 
matrix  composites  can  produce  Irreversible 
reduction  in  shear  strength  and  modifies  the 
Ueibull  distribution  of  survival  probaMlities  as 
shown  in  studies  by  kaelble  and  Dynest^o), 
Comparative  chemical  analysis  of  two  catalytical'iy 
cured  graphite-epoxy  composites  and  an  aromatic 
amine  cured  epoxy  matrix  composite  shows  that 
curing  mechanisms  and  epoxy  network  structure 
influence  both  thermal  response  and  environmental 
durability.  The  results  of  chemical  analysis  of 


the  three  epoxy  prepregs  are  suamiariaed  in  Ttaie 
6.  The  chemical  analysis  follows  standard 
procedures  outlined  in  previous  reportsn0,12). 

The  data  of  Table  6 shows  that  a 8F3  type  boron 
is  present  as  a catalytic  curing  agent  in  3501-5 
epoxy  (Hercules)  and  934  epoxy  (Fiberite)  and 
present  only  as  a trace  constituent  in  5208  epoxy 
(NMNCO).  This  8F3  catalyst  decomposes  to 
initiate  homopolymerization  of  epoxy  groups  at 
lower  temperatures  than  co-reaction  between  epoxy 
and  DOS  (diaminodiphenyl-sulfone)  curative  which 
is  comann  to  all  three  systems.  The  higher  level 
of  free  DOS  curative  in  5208  epoxy  correlates  with 
the  lower  degree  of  cure  as  indicated  by  liquid 
chromatography  and  higher  heat  of  cure  indicated 
by  differential  scanning  calorimetry  (OSC).  The 
numeric  information  of  Table  6 also  shows  the 
importance  of  differentiating  between  total  DOS 
curative  as  measured  by  IR  spectroscopy  and  free 
amine  as  measured  by  quantitative  molecular 
separation  using  liquid  chromatography.  The 
chemical  analysis  data  of  Table  5 forms  part  of 
the  materials  and  processes  approach  to  chemical 
defects  definition  as  outlined  in  Fig.  6. 

A comprehensive  environmental  durability 
characterization  has  been  carried  out  on  the  three 
composites  described  in  Table  6.  Some  results  of 
this  study  serve  to  highlight  the  direct 
importance  of  chemical  analysis  in  composite 
reliability  and  durability  predictions. 


Idble  6.  Chemical  characterization  of  graphite 
epoxy  prepreg  materials. 
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In  the  DSC  thermograms  of  Fig.  11,  the  rate  of 
chemical  curing  correlates  with  the  amplitude  of 
dH/dt,  the  heat  release  rate.  The  low  temperature 
initiation  of  curing  in  934  and  3501-5  epoxy 
correlates  with  the  detected  presence  of  the  8F3 
catalyst  as  compared  to  uncatalyzed  5208  which 
requires  much  higher  temperatures  to  complete  the 
curing  process. 
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Fig.  11  'DSC  thermograms  for  curing  reactions  of 

commercial  epoxy  matrix  materials  extracted 
from  prepreg.  (DSC  scan  rate  4 • 20°C/min) 


Tti*  us*  of  assisted  curing 

cUtrly  correlates  with  easier  processability  as 
shotm  In  the  1o«*r  tewperatur*  cur*  cycles  shown 
In  Fig.  11,  The  theraal  scans  of  dyiaalc  danplng 
response  In  the  fully  cured  uniaxial  coagMSItes  of 
these  aaterials.  as  shown  In  Fig.  12,  reveal  that 
catalytic  curing  at  lower  teagieratures  produces  a 
crossllnked  network  with  substantially  lower 
Tg.  As  shown  In  Fig.  12.  the  934  epoxy  displays 
oflset  of  Tg  response  by  an  Initial  Increase  In 
tans  at  T • 200®c  while  cured  3S01-S  epoxy 
shows  Initial  rise  In  tanS  at  2250C  and  5208 
epoxy  at  T • 250®C  for  dry  fully  cured  coa^oslt*. 
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Fig.  12  Rheoviblon  thermal  scans  for  flexural  damp- 
ing In  cured  uniaxial  reinforced  graphite- 
epoxy  composite  In  the  dry  unaged  condition. 


The  effects  of  prior  moisture  exposure  to  full 
saturation  Is  shown  In  the  damping  curves  of 
Fig.  13  to  lower  the  T.  related  Initial  Increase 
In  tan 8 response  to  about  T • 1400c  for  934 
epoxy  and  T • 1600c  for  3501-5,  while  the  5208 
resin  maintains  low  tan 8 response  to  above 
200OC. 
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Fig.  13  Rheoviblon  thermal  scans  of  flexural  damp- 
ing In  cured  uniaxial  reinforced  graphite- 
epoxy  composite  In  the  wet-aged  condition. 


The  prediction  offered  by  the  dynamic  damping 
response  as  measured  by  Rheovibron  Is  that  cured 
3501-5  resin  will  display  glass  state  response  at 
2320c  In  the  dry  state,  and  low  strength  rubbery 
response  due  to  water  plastitatlon  In  the  anistur* 
saturated  state  at  2320C.  The  curves  of  Fig.  14 
show  the  clearly  separated  Interlaminar  shear 
strength  distributions  for  uniaxial  3501-5  epoxy 
aMtrIx  composite  where  dry  and  aelsture  exposed 
specimens  were  subjected  to  an  equivalent  2320C 
thermal  spike  prior  to  strength  awasureewnt  at 
230c.  As  predicted,  the  Interaction  of  high 
aulstur*  and  high  temperature  produced  Internal 
damage  which  lowered  both  mean  shear  strength  Xg 
and  also  substantUlly  lowered  the  Ueibull 
distribution  shape  factor  m. 
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Fig.  14  Cumulative  distribution  function  of 
survival  probability. 


Hetal  ^Int  Reliability 
All  metals,  except  gold,  are  chemically 
reactive  with  oxygen  and  moisture  at  room 
temperature  and  tend  to  form  oxide  or  hydrated 
oxide  surface  l*yers(3').  In  addition  to 
oxidative  chemical  reaction,  these  high  energy 
surface  films  are  subject  to  further  physical 
adsorption  by  water  vapor  and  volatile  organic 
contsmlnants.  In  structural  metal  to  metal 
Joints,  the  reliability  of  the  bond  may  be 
directly  related  to  the  chemical  stability  of  the 
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<nt«rfKUI  bond.  UelbuM  st«tUt(c«l  tnilysls 
recently  been  eppDed  to  Invest )y«te  the 
effects  of  both  surface  eiposure  t tae  (SIT)  and 
bond  exposure  tine  (BfT)  on  the  distributions  of 
sli.jle  laver  shear  bonds  of  aluMlnuM 
aHoystMl,  j^tth  and  Kaelble(M)  have 
recently  conducted  a detailed  study  of  coadtined 
S£T  and  BET  a9ln9  In  noreiat  (50t  R.H.,  Z3‘’C), 
and  high  Moisture  (9SS  R.H..  SBOq),  The 
experlMental  Methods  of  the  study  by  SMith  and 
Kaelble  are  outlined  In  Table  1 elth  full  details 
contained  In  the  published  report. 


TABLE  ; 

Metal  Joint  Reliability  Studies 

1.  Metal  Adherends:  Unclad  ?CVA-TJ  aluielnuM 
alloy  surface  treated  by  standard  FPL  sulfuric 
chroMate  etch  and  T8-6At-4V  titantun  alloy 
treated  by  standard  phosphate  fluoride 
cleaning  process.  Coupon  sUe  0.06}“  thick, 

1*  aide,  and  4*  long. 

2.  Adhesive:  MT  4,’4  epoxy -P’^poo lie  fll*  adhesive 
(TroM  Wrlcan  CyanaMid)  alth  olass  fiber 
carrier  and  standard  weight  O.OlJb  ♦ .00b 
Ib/sg.  ft.  Unfilled  HT  4 ’4  priawr  with  parts 
A and  B used  with  adhesive. 

3.  Bonding  Process:  Treated  Metal  coupons  spray 
priMed  with  O.dOl"  thickness  HT  4'4  primer 
solutlon  using  clean  dry  argon  carrier  gas. 
PriMer  layers  dried  JO  min  Mbient  ?3bc  and 
bO  Min  at  660(1,  an  adhesive  file  Is  placed 

In  the  1 . 000“x0.  500“  ovei  lap  between  two  Metal 
adherends.  Sis  such  Joints  are  aligned  In  a 
bonding  Jig  with  the  glass  carrier  acting  to 
provide  constant  glue  line  thickness  0.008“. 
Cure  cycle  with  60  win  teaiperature  rise  to 
lfl'’C  and  60  Min  cure  cycle  at  ITlo 
followed  by  cooling  to  rooM  temperature. 

4.  Tensile  lap  Shear  Testing;  1.5"  s 1.0“  s 
O.'Ogr'aT  unilnum  AUgnmenf  %h\ms  bond^l  to 
ellminAtf  offset.  Tests  *t  ?30C  using 
0.0l**/iiin  Instron  crosshe^kl  r^te  and  4. S’*  Jaw 
separat  Ion. 
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t ig.  15  Olsperslon  (o)  and  polar  tdl  ciunjionents  ,of 
tt)e  solld-va(H)r  surface  tension  - nj  • 
(•t  for  H14.’4  priiner  ^phase  1)  and  A1  L’0.4- 
l.l  adherend  (phase  3). 


belifw  the  curve  for  Al  ’O.A-TJ  at  all  stages  of 
surface  aging  which  predicts  proper  bonding 
between  adhesive  and  adherend  In  air. 

The  Interfacial  work  of  adhesion  as 
defined  by  Eg. (12)  will  deciease  with  surface 
aging  time  (SET)  as  shown  by  the  upper  curve  of 
Fig.  16.  As  sheswn  In  the  lower  curves  of  Fig.  16, 
the  lap  shear  bond  strength  varies  with  SET  In  a 
fashion  that  correlates  closely  with  the 
predictions  from  worx  of  adhesion  calculations.  A 
simple  but  now  widely  demonstrated  correlation 
between  surface  energetics  and  fracture  mechanics 
Is  available  In  the  following  relations  for 
critical  stress  for  drlfflth  type  crack 
Initiation  under  normal  stress  loading'**.^*’) : 

0^  • (K“  - k/)'’ > 0 (l.tl 
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In  this  study  the  surface  chemistry  and 
related  wettability  of  both  adherends  and  adhesive 
were  analyted  prior  to  bonding.  The  results  of 
this  surface  energy  analysis  can  be  plotted  on  a 
surface  energy  map  where  the  ordinant  <>  and 
abscissa  ft  as  shown  In  Fig.  15  respectively  refer 
to  dispersion  (monopolar)  and  polar  components  of 
surface  energy  and  interfaclal  bonding 
mechanisms.  The  theory  of  Interfaclal  adhesion 
experimentally  verified  In  this  analysis  ilefines 
the  thermodynamic  work  of  adhesion  Wj  by  the 
fol lowing  relat Ion: 

^a  ■ '*13  ■ ^^*’1  "3  * ^*1  **j' 

where  nj,  Ui  define  the  dispersion  and  polar 
surface  properties  of  adhesive  and  n j,  /fj, 
those  of  the  metal  adherend. 

As  shown  In  Fig.  15,  and  further  documented  in 
detailed  kinetic  studies  by  Kaelble  and 
Oynesl^O),  the  «j  and  fij  properties  of 
aluminum  alloy  change  dramatically  with  surface 
aging  tlate  after  FPL  etch.  Thenj,  ;!]  surface 
properties  of  HT  424  .adhesive  are  shown  to  lie 


whore  E,  and  C are  a characteristic  modulus  and 
crack  length  which  are  assumed  constant  and  the 


surface  energy  parameters  R and  R^)  are 
by  the  following  relat  lonsl*^*’’' ; 

lief  ined 

Ro 

• 0.25  (ill  ->13)’  ‘ (‘*1  - fIj)*’ 
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r’  • (“1  - H)‘  » i.*i  - k)’ 
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H • 0.5  (I'l  ♦ oj) 
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In  Eg. (15)  twe'  new  surface  energy  paranieters  o; 
and  tl^  define  the  environment  (phase  2)  at  the 
crack  tip.  The  model  for  critical  stress  defined 
by  Eg. (13)  can  be  presented  on  surface  energy 
ciHirdlnates  as  shown  In  Fig.  17. 

As  the  adhesive  Joint  changes  from  dry  air 
iMiierston  with  111  • . ■ 0 to  egulllbrium 

response  with  waler  laniersion  wlthoi  • 
4.67(dyn/cm)'k  and  cfi*  7. Mldyn/cmlS/the 


predicted  decrease  in  critical  stress  cr.  of  the 
HT  424  to  A1  2024-T3  interface  is: 


llr*iC>«  UT  (kr)  it  M’C  9it  D.H. 


SIT  (Hr)  at  M"C  aaa 


Fig.  16  Dependence  of  interfacial  work  of  adhesion 
*^13  (upper  curve)  and  lap  shear  bond 
strength  oj,  (lower  curve)  at  varied  SET. 


Fig.  17  Modified  Griffith  analysis  of  the  effect  of 
H2O  inmersion  in  reducing  critical  failure 
stress  oi  for  Interfacial  failure  between 
HT424  and  etched  A1  2024-T3  (^i  • 1 • dg  • 
1.0). 


Extensive  joint  strength  testing  of  this  system 
was  completed  to  determine  the  response  surface  of 
lap  shear  strength  vs  bofh  SET  and  BET  under  high 
moisture  (95*  R.H.,  540c).  These  results  are 
summarized  on  the  response  surface  of  Fig.  18 
where  each  point  represents  the  average  of  six 
tests.  Comparing  joint  strengths  for  fully  aged 


(20  hr  SET,  1000  hr  BET)  and  unaged  (0  hr  SET, 
0 hr  BET)  provides  (see  Table  3)  the  following 
experimental  ratio: 


which  is  in  close  agreement  with  the  prediction  of 
Eg. (18). 


■T  (ke| 


Fig.  18  SET  and  BET  response  surface  for  lap  shear 
bond  strength  for  A1  2024-T3-HT424. 


An  essentially  parallel  detailed  study  of 
surface  aging  showed  a shift  in  03  and  ^3  for 
phosphate-fluoride  cleaned  titanium  alloy  similar 
to  that  detailed  in  Fig.  IS.  Application  of  the 
modified  Griffith  analysis  as  shown  in  Fig.  19 
provides  the  following  predicted  gnisture 
degradation  of  bond  strength  at  the  HT  424  to 
T1-6A1-4V  Interface: 


Fig.  19  Modified  Griffith  analysis  of  the  effect  of 
H2O  inmersion  in  reducing  critical  failure 
stress  ot  for  interfacial  failure  between 
HT424  and  phosphate-fluoride  treated 
T1-6A1-4V,  («i  • 1 - 4c  * 


i:03 


equivalent  calculation  for  nulsture  degradation 
of  the  HT  424  cohesive  bond  produces  the  following 
prediction; 


®c  (V) 


0.63 


(21) 


Joint  strength  testing  of  the  HT  424  to 
tltanluB  alloy  was  carried  out  under  conditions  of 
separate  and  coaHilned  SET  and  BET  In  high  moisture 
(95J  R.H.,  540C).  The  SET  vs  BET  response 
surface  of  shear  bond  strength  irj,  Is  shown  In 
Fig.  20  where  each  point  Is  an  average  of  six 
strength  tests.  As  shown  In  Fig. 20,  the  shear 
bond  strength  reaches  an  egul librium  value  under 
extended  anlsture  aging.  Comparing  Joint 
strengths  for  fully  aged  (22  hr  SET,  1000  hr  BET) 
and  unaged  (0  hr  SET,  0 hr  BET)  for  T1-6AI-4V  to 
HT  424  bonds  Isee  Table  4)  provides  the  following 
experimental  ratio; 


o^  Caged^w^^  2873  psi 
0^  Tunaged,  dry)  3B40  psT 


0.7S 


(22) 


which  lies  Intermediate  between  the  cohesive 
failure  prediction  of  Eg. (21)  and  the  interface 
prediction  of  Eg. (20).  Microscopic  visual 
Inspection  of  the  fracture  surfaces  for  the  HT  424 
to  titanium  lap  shear  points  shows  predominant 
(above  SOX)  cohesive  failure  for  lap  shear  bonds 
described  In  Fig.  20. 
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Fig.  20  SET  vs  BET  response  surface  for  lap  shear 
bond  strength  for  T1-6A1-4V  - HT424. 


The  Heibull  plots  of  Fig.  21  show  shear  bond 
strength  distributions  for  unaged  and  fully  aged 
aluminum  (upper  view)  and  titanium  (lower  view) 
joints.  The  titanium  bonds  show  lower  Welbull  m 
values  In  both  unaged  and  aged  states  as  evidenced 
In  Fig.  21  and  the  data  suamary  of  Fig.  4.  A 
design  requirement  of  high  reliability  shear 
strength  where  R • 0.98  or  In(-lnR)  • -4  Is  shown 
by  Fig.  21  to  predict  higher  performance  for  the 
aluminum  alloy  Joints  In  both  unaged  and  aged-wet 


states.  Conversely,  If  mean  strength  with  R • 

0.37  and  In(-lnR)  • 0 Is  applied  as  a design 
criteria,  the  curves  show  titanium  alloy  Joints  to 
display  higher  unaged  and  aged  strengths. 


% IPSH 


Fig.  21  Comparison  of  Welbull  shear  strength  dis- 
tributions for  aluminum  (upper  view)  and 
titanium  (lower  view)  adherends. 


Detail  Test  Plans 

Previous  sections  of  this  discussion  have 
presented  and  discussed  the  importance  of 
recognizing  the  molecular  processes  which 
Influence  polymer  composite  reliability.  A need 
for  further  development  of  the  molecular  theory  of 
polymer  reliability  Is  also  made  evident  In  these 
several  examples  from  structural  polymers,  fibrous 
composites,  and  bonded  metal  Joints.  The  simple 
design  concept  of  structural  strength  becomes 
replaced  by  a more  sophisticated  and  holistic  (or 
encompassing)  design  concept  for  reliability  and 
durability  by  use  of  a combined  molecular  and 
mathematical  modeling.  If  molecular  theory  of 
structure  reliability  were  complete,  the  chemical 
analysis  test  plan  outlined  In  Fig.  22  would 
provide  sufficent  design  data  to  provide 
structural  reliability  predictions.  Lacking  a 
complete  molecular  theory  requires  that  detailed 
experimental  test  programs  for  physical  and 
mechanical  analysis  as  outlined  In  Fig.  23  be 
employed  In  conjunction  with  chemical  analysis, 
the  detailed  test  programs  outlined  In  Fig.  22  and 
Fig.  23  require  advanced  Instrumentation  and 
computer  aided  data  processing. 

Executing  a complete  chemical  analysis  of  a 
polymer  composite  as  outlined  In  Fig.  22  generally 
provides  sufficient  detailed  Information  to 
replicate  a conmerclal  polymer  adhesive  or 
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fig.  22  Chemical  ana'iysis. 
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employed.  The  upper  rank  experiments  in  F19,  23 
involving  DSC,  surfice  energetics,  and  thermal 
mechanical  analysis  (THA)  simulate  manufacturing 
steps  for  Surface  treating,  bonding,  and  curing 
polymer  composites.  The  central  tier  of 
experiments  In  Fig.  23  Incorporate  KOE  tests, 
adhesive  Joint  tests  In  conjunction  with  study  of 
polymer  material  response.  The  lower  portions  of 
Fig.  23  outline  phases  of  study  involving  aging 
and  failure  mechanisms.  The  lower  extremity  of 
Fig.  23  describes  a data  analysis  with  correlation 
of  molecular  process  and  composite  response.  The 
detailed  test  plans  outlined  by  Fig,  22  and 
Fig.  23  are  presently  utilized  to  determine  and 
improve  polymer  reliability.  The  challenge  to 
both  theoretical  and  experimental  analysis  Is,  of 
course,  to  lower  the  cost  and  increase  the 
reliability  of  currently  functioning  test  programs 
as  detailed  in  Fig.  22  and  Fig,  23. 

Summary  and  Conclusion 

In  suniiiary,  we  mjy  return  to  the  mythical 
"one-hoss-shay“  of  Holmes  poem  (see  Table  1)  which 
presents  the  nearly  perfect  example  of  design  for 
structural  reliability  and  durability.  An 
important  point  presented  and  hopefully  well 
Illustrated  in  this  discussion  is  the  importance 
of  adding  the  analysis  of  molecular  processes  to 
present  statistical  theory  of  structure 
reliability.  Implementation  of  the  interaction 
matrix  (see  Table  2)  establishes  a direct  avenue 
for  comnunication  between  the  specialist  in 
engineering  design  and  the  materials  scientist. 

The  dual  path  approach  (see  Figs.  S and  6)  with 
combined  deterministic/statistical  testing  and 
analysis  is  validated  by  extensive  studies  of 
which  several  are  briefly  reviewed  in  this 
discussion.  A more  general  development  and 
application  of  molecular  theory  of  polymer 
reliability  can  lower  the  cost  and  Increase  the 
efficiency  in  present  detailed  test  programs  (see 
Figs.  22  and  23)  for  analyzing  chemical,  physical, 
and  mechanical  aspects  of  polymer  composite 
durabi 1 ity . 

A recent  workshop  on  space  environment  effects 
on  polymeric  matrix  composites  in  large  scale 
space  structures  provides  recoiwiendations  "hich 
also  serve  as  conclusions  to  this  discussion(*3) ; 

1.  Prior  chemical  analysis  is  necessaiy  for 

materials  Identification. 

2.  Predictive  modeling  is  mandatory. 

3.  All  test  designs  should  be  based  on  the 

predictive  model . 

Implementation  of  the  above  reconmendat ions 
promotes  organization  of  present  knowledge  into  an 
initial  mechanistic  model  with  molecular  and 
macroscopic  properties  correlated.  The  model  can 
be  verified  and  refined  as  work  progresses.  The 
model  elevates  the  engineering  program  to  the 
level  of  conducting  science  and  not  simply  data 
gathering. 


fig.  23  Physical  and  mechanical  analysis. 


coating.  In  order  to  improve  the  reliability  and 
durability  of  adhesives  or  coatings,  essentially 
all  aspects  of  the  detailed  physical  and 
mechanical  test  program  of  Fig.  23  need  to  be 
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DISCUSSION 


ueorqe  Mdrtir  (Consultant)  Dave,  have  you  considered  ine  state  of  ionwation  of  the  air  and  related 
chemical  degradation  of  surfaces.' 

Oavid  saelble  (Science  Centerj:  tes.  of  course.  It  appears  in  these  models  through  the  reciprocal 
molecular  weight. 

It  you  have  radiation  damage  you  are  going  to  experience  it  in  terms  of  a change  in  either  by  cross 
linking  or  scission  within  the  polymeric  phase.  I don't  expect  tnat  damage  would  be  specific  to 
the  interface  specifically  unless  you  had  a very  high  apsorption  cross-section  for  the  interface 
itself.  With  orbiting  space  structures  the  radiation  is  from  Van  Allen  type  radiation  environ- 
ments. It  is  very  difficult  to  model  that  particular  situation  in  terms  of  the  potential  damage 
mechanisms  in  relation  to  the  various  types  of  energetic  sources  which  range,  of  course,  from 
photons  to  the  high  energy  electron  sources.  Ihe  approach  taken  is  simplify  tnat  whole  argument  by 
assuming  tnat  you  are  going  to  have  surface  protective  mechanisms,  that  you  will  have  thin  foils 
which  will  essentially  shield  tne  surface  from  UV  and.  perhaps,  the  photon  degradation  and  be  left 
then  with  primarily  the  electron  radiation  damage  effect. 

George  Martin:  I was  considering  much  lower  levels  of  fonuation;  for  instance,  our  Los  Angeles  smog 
here. 

David  kaelble:  Well,  I'll  tell  you  tnat.  of  course,  is  a subject  of  great  concern  and  much  study,  even 
today. 

Here  again,  protective  mechanisms  are  obtained  by  molecular  processes.  In  automobile  tires,  the 
tires  are  modified  with  a paraffin  filler  which  actually  comes  out  of  solution  and  migrates  to  tne 
surface  to  form  a coherent  film  that  replenishes  itself  throughout  the  life  of  tne  tire.  Of 
course  that  is  an  old  trick  ano  it  stablizes  the  system,  that  is,  crack  growth  due  to  ozone  or 
combined  ozone  and  photolytic  effects. 

Robb  Thomson  (National  Bureau  of  Standards):  Questions?  Please  come  to  the  micropnone.  Remember  to 
Identity  yourself. 

Arthur  Jcnath  (Lockheed  Research):  Dave,  have  you  gone  into  studying  the  nature  of  the  defect  in  the 
polymer  in  which  the  water  condensation  occurs,  the  origin  of  the  defect,  the  actual  molecular 
nature  of  the  defect? 

Oavid  kaeble;  Well,  in  epoxies,  the  only  thing  we  have,  of  course,  is  the  inference  from  molecular 

structure.  One  can  do  a sort  of  a cohesive  energy  density  mapping  of  the  molecular  structure  and 
you  find  that  the  regions  or  molecular  sites  which  most  closely  correlate  with  the  energy  density 
properties  of  water  will  be  the  most  highly  interactive  through  physical  solution.  We  haven't 
done  spectroscopic  studies.  That  is  the  simple  answer,  I guess,  to  that  question. 

Arthur  Jonath:  To  add  to  that  question,  1 guess  what  I am  asking  on  a molecular  level,  are  there  sites 
that  one  could  look  at  as  being  more  polar  in  nature  that  would  be  more  associated  with  defects, 
tnat  would  be  more  absorbent  to  the  water;’ 

Oavid  kaelble:  Yes,  very  definitely.  1 would  say  those  beta  hydroxyl  sites  on  the  amide  crosslink 
and  certainly  ether  oxygen  sites  on  the  nomopolymer  crosslinks  would  be  the  sites  that  one  would 
look  at  spectroscopically  and  expect  to  find  the  effect  of  water.  That  is,  if  you  could  use  I.R. 
shifts  or  if  you  could  use  proton  N.M.R.,  you  might  expect  to  see  modification  of  degrees  of 
freedom  in  that  region. 

Robb  Thomson:  Other  questions?  We  will  break  for  lunch  then. 
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MICROFOCUS  X-RAY  AND  IMAGE 
ENHANCEMENT  OF  CERAMICS 


J.  J.  Schuldies 
AiResearch  Manufacturing  Co. 
Phoenix,  Arizona 


ABSTRACT 

Microfocus  X-ray  and  image  enhancement  techniques  weie  applied  to  hot-pressed  sili- 
con nitride  test  specimens  containing  selected  subsurface  defects.  These  NDE  techniques 
are  being  investigated  to  determine  their  defect  characterization  capabilities  in  vari- 
ous ceramic  material  systems.  Illustrations  are  presented  of  defect  detection  limita- 
tions for  microfocus  X-ray  which  are  primarily  associated  with  low  ra<iiographic  contrast 
between  defect  and  parent  material.  Examples  are  also  shown  of  defect  detectabil i ty  and 
geometric  sharpness  obtained  in  ceramic  test  specimens  containing  inclusions  of  high  and 
low  density  with  respect  to  the  parent  material. 

INTRODUCTION  The  use  of  microfocus  radiography 


Microfocus  X-ray  and  image  enhance- 
ment techniques  have  shown  potential  to 
reduce  the  subjective  interpretation  of 
defects  detected  in  ceramic  materials. 

The  purpose  of  this  study  is  to  obtain  a 
quantitative  measure  of  the  capability 
of  these  techniques  for  defect  character- 
ization in  ceramic  materials  in  terms  of 
size,  type,  and  location. 

DISCUSSION 

Radiography  is  widely  recognized  as 
a means  of  evaluating  materials  for  sub- 
surface defects.  The  applications  and 
advantanes  of  this  technique  are  listed 
in  Fig.  1.  As  is  the  case  for  most, 

if  not  all  NDE  methods,  limitations  are 
also  known  relative  to  defect  detection 
and  interpretation  of  radiographic  film 
obtained  using  penetrating  radiation. 

These  important  considerations  are  shown 
in  Fig.  2. 

Further  indication  of  the  importance 
of  radiographic  contrast  between  the  indi- 
cation of  interest  and  the  parent  material 
is  illustrated  in  Fig.  3.  The  difficulty 
in  detecting  low  or  comparable  density 
defects  in  a material  system,  using  visual 
interpretation  means,  is  a function  of  the 
absolute  contrast  obtained  on  the  radio- 
graphic  film.  Inclusions  of  high  relative 
density,  such  as  tungsten  carbide  (WC) , 
produce  a significant  contrast  enabling 
visual  detection  of  inclusions  in  the 
tens  of  microns  size  range. 


^Schuldies,  J.  J.  and  W.  H.  Spaulding, 
"Radiography  and  Image  Enhancement  of 
Ceramics,"  Proceedings  of  the  1977 
ARPA/NAVSEA  Ceramic  Gas  Turbine 
Demonstration  Engine  Program  Review, 
March  1978. 


(Magnaf lux  Corporation) , as  compared  to 
conventional  radiography,  is  being  evalua- 
ted to  take  advantage  of  the  benefits 
derived  from  a smaller  X-ray  source.  Con- 
trol of  the  focal  spot  size,  shape,  and 
intensity  distribution  at  the  X-ray  emitter 
(or  target)  suppresses  radiation  outside  of 
the  primary  beam,  which  is  essential  in 
achieving  a high  resolution  X-ray  image. 
Other  advantages,  such  as  geometric  enlarge- 
ments, may  be  obtained  while  suppressing 
the  effects  of  parallax  obtained  in  the 
X-ray  image.  These  advantages  are  listed 
in  Fig.  4.  A comparison  of  tiie  theoret- 

ical focal  spot  shape  and  intensity  dis- 
tribution obtained  on  the  X-ray  target  for 
conventional  and  microfocus  X-ray  systems  is 
presented  in  Fig.  5.  The  variation  in 

X-ray  beam  intensity  is  shown  in  Fig.  6, 
as  indicated  by  the  pattern  and  degree  of 
film  blackening  (film  density  measured  in 
li  and  D standard  units)  obtained  using  a 
100-kV  microfocus  X-ray  unit  and  GAF-100 
film.  As  shown,  an  elliptical  area  having 
minor  and  major  axis  dimensions  of  approxi- 
mately 1.25  and  2.5  inches  should  be  used 
for  evaluation  when  film  density 
variations  must  be  kept  to  a minimum. 

Image  enhancement  through  the  com- 
puterization of  X-ray  film  gray-scale  data 
is  also  being  evaluated  to  determine  the 
degree  of  improvement  obtained  in  defect 
characterization.  The  basic  system  com- 
ponents (Spatial  Data  Systems  Model  820) 
are  illustrated  in  Fig.  7. 

Several  radiographic  and  image 
enhancement  examples  are  presented  in 
Figs.  8 through  10  (photographically 

reduced  approximately  18  percent) . Two 
hot-pressed  silicon-nitride  specimens 
(NC-132),  nominally  0,25  inches  (6.4  mm) 
thick,  and  a hot-pressed  silicon-nitride 
(UC-132)  radiographic  step-block  standard 
are  shown  in  the  radiographs.  The  micro- 
focus X-fays  were  obtained  using  specific 
exposure  parameters.  These  parameters 
wore  varied  alxjut  an  optimum,  which  was 
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determined  by  visually  examinintj  the 
radiographic  film  {or  geometric  sharpness 
and  contrast  of  the  known  defects. 

Enhanced  outputs,  usin<j  an  algorithm 
that  combines  high-pass  filtering  and 
contrast  exi>ansion,  are  also  shown  in 
Figs.  8 through  10  fot  test  specimen 

number  31fa.  xne  arrows  indicate  both 
the  lie  inclusion  placed  in  the  speci- 
men and  a naturally  occuring  low-density 
defect.  The  arrows  in  the  radiographs  also 
indicate  detection  of  a linear,  low-density 
defect  in  specimen  number  231  and  a 0.020 
inch  (.500  microns)  diameter  hole  0.005  inch 
(125  microns)  deep  in  the  step-block  stan- 
dard , 

An  additional  technique  that  employs 
thresholding  or  gray-scale  level  slicing 
is  shown  in  Fig.  11.  A selected  gray- 

scale level  divides  cue  radiographic 
data  into  two  colors,  black  or  white, 
depending  on  the  distribution  of  film 
density  data.  The  enhancement  photo 
reveals  three  WC  particles  in  test 
specimen  number  325  instead  of  a single 
100  micron  WC  inclusion.  The  size  of 
the  large  particle,  measured  on  this  out- 
put, is  in  good  agreement  with  this  size 
objective.  A color  coded  output  of  this 
inclusion  at  greater  magnification  is 
shown  in  Fig.  12.  While  only  two 
color  levels  are  uued,  the  system  is 
capable  of  electronically  classifying 
gray-scale  data  into  thirty  color  levels. 
Figs.  11  and  12  were  photographically 
reduced  approximately  18  percent. 

The  color  coded  output,  in  Fig.  12, 
also  shows  an  electronic  scan  line  that  runs 
through  the  largest  of  the  three  inclusions 
in  speciraen  numl'or  325.  The  degree  of  film 
contrast  or  density  variance  associated  with 
the  scan  lino  is  electronically  displayed 
below  the  inclusions.  As  s)iown,  this  trace 
deviates  in  the  region  associated  with  the 
inclusion  indicating  a significant  change 
in  film  density. 

CONCLUSIONS 

The  detection  of  a single  high  density 
defect  (i.e.,  50  micron  1*:)  has  been 
demonstrated  using  microfocus  X-ray.  The 
use  of  image  enhancement  was  also  shown  to 
improve  the  visualization  of  details  asso- 
ciateil  with  fabrication  type  low-density 
flaws.  Image  enhancement  outputs  indicated 
the  importance  of  establishing  exact  radio- 
graphic  procedures  to  obtain  constant  film 
densities  prior  to  further  reconstruction 
using  computer  algorithms.  Although  the 
efforts  conducted  to  date  indicate  the 
utility  of  radiography  to  detect  high- 
density  inclusions,  further  advances  in 
technology  ate  required  to  detect  low- 
density  defects  of  comparable  size. 
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4.  Hicrofocus  radiography  advantages 


rig.  5.  Radiographic  focal  spot  Intensity 
distribution 


fig.  6.  Mirroforus  x-rav  beam  profile 
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ABSTRACT 

A preliminary  evaluation  of  several  nondestructive  testing  methods  for  flaw  detection  in  high- 
temperature  structural  ceramic  components  is  being  carried  out.  The  ceramics  components  being  investi- 
gated include  silicon  carbide  heat-exchanger  tubes  and  silicon  nitride  rotors.  The  nondestructive  evalua- 
tion techniques  under  consideration  Include  dye-enhanced  radiography,  holographic  Interferometry,  in- 
frared scanning,  acoustic  microscopy,  acoustic-emission  monitoring,  acoustic-impact  testing,  and  con- 
ventional ultrasonic  testing. 

The  capability  of  each  technique  to  detect  critical-size  flaws  will  be  discussed.  Preliminary 
results  to  date  have  shown  that  (a)  dye-enhanced  radiographic  techniques  are  capable  of  detecting  tight 
cracks  missed  with  conventional  x-ray  methods,  (b)  acoustic  microscopy  techniques  may  be  useful  in 
detecting  and  establishing  the  size  of  subsurface  defects  in  react  ion- bonded  silicon  nitride,  (c)  holo- 
graphic interferometry  techniques  should  be  valuable  in  locating  surface  cracks  in  silicon  nitride/ 
silicon  carbide  components,  and  (d)  the  results  from  various  silicon  carbide  tubes  suggests  that  infrared 
scanning  techniiues  may  reveal  changes  in  heat-flow  patterns  which  are  related  to  variations  in  physical 
properties.  The  results  for  the  other  techniques  mentioned  will  be  discussed.  Future  efforts  in  this 
program  will  be  directed  toward  in-depth  investigations  of  the  most  useful  nondestructive  techniques. 


INTRODUCTION 

The  objective  of  this  investigation  is  to 
establish  the  feasibility  and  sensitivity  of 
various  NDE  techniques  for  examination  of  high  tem- 
perature ceramic  components.  The  techniques  under 
consideration  which  are  discussed  here  include 
dye-enhanced  radiography,  holographic  interferome- 
try, acoustic  microscopy,  acoustic  emission, 
acoustic  impact  testing  and  infrared  scanning. 

DISCUSSION 

The  first  figure  shows  two  silicon  nitride 
rotor  blade  rings  (supplied  by  Ford  Motor  Co.  for 
this  study)  and  three  silicon  carbide  heat  ex- 
changer tube  samples  representative  of  those  in- 
vestigated. The  next  figure  shows  schematically 
the  procedure  for  dye-enhanced  radiography  where 
surface  flaws  filled  with  an  x-ray  absorbing  dye 
may  be  revealed  even  though  missed  with  conven- 
tional radiographic  techniques.  The  third  figure 
shows  the  mass  absorption  coefficient  ratio  for 
silver  nitrate  to  silicon  nitride  indicating  an 
absorption  edge  at  25  KeV.  Conventional  x-ray 
machines  have  a broad  spectrum  up  to  a maximum 
energy  value.  The  optimum  setting  for  a silver 
nitrate  dye  appears  to  be  around  50  KeV  maximum. 
Figure  4 shows  (for  the  purpose  of  illustration) 
the  results  using  a cracked  plastic  rod.  Figure  6 
shows  a cross  section  of  a silicon  carbide  tube 
(1  itm  thick  wall)  indicating  two  cracks.  The 
larger  crack  was  detected  by  both  conventional  and 
dye-enhanced  radiography;  the  smaller  only  by  dye- 
enhanced  radiography.  Dye-enhanced  radiography 
appears  to  be  useful  for  detection  of  tight  cracks 


in  ceramic  rotors  and  silicon  Carbide  tubes  (par- 
ticularly for  inner  wall  cracks  not  accessible 
with  dye-penetrant  techniques).  Figure  7 shows 
the  schematic  arrangement  for  holographic  inter- 
ferometry. Thermal  or  mechanical  stressing  causes 
visible  distortions  in  holographic  interferogram 
fringe  patterns  when  flaws  are  present.  Figure  8 
shows  loading  modes  for  ceramic  rotor  blades. 

Figure  9 shows  the  expected  fringe  distortion  for 
a crack  at  a blade  root.  Figure  10  shows  examples 
of  interferograms  for  various  samples  with  mechani- 
cal loading.  An  example  of  how  sensitivities  may 
be  enhanced  by  fringe  multiplication  techniques 
is  Included.  Interferograms  can  be  analyzed  in  a 
manner  shown  in  Figs.  11  and  12.  Surface  cracks 
with  characteristic  lengths  of  750  pm  can  be  de- 
tected on  the  blade  root.  With  special  magnifica- 
tion techniques,  the  resolution  may  be  as  small  as 

100  w. 

Figure  13  describes  the  equipment  arrangement 
for  acoustic  microscopy  (employing  Sonoscan  Inc. 
acoustic  microscope).  Figures  14  and  15  describe 
the  detection  scheme  and  sample  arrangement  for 
ceramic  rotor  blades  (removed  from  the  blade  ring). 
Figure  16  shows  a flaw  detected  in  a ceramic  rotor 
blade  through  acoustic  microscopy.  This  flaw 
(•V.500  X 300  pm)  was  missed  in  3 of  4 radiographs 
but  the  presence  revealed  by  the  acoustic  micro- 
graph was  virtually  confirmed  by  metal lographic 
sectioning  of  the  blade  (Fig.  17).  The  acoustic 
micrographs  'hown  represent  an  area  on  the  blade 
2 X 3 tin.  The  electronically  Introduced  inter- 
ference lines  are  'vSO  pm  apart.  Acoustic  micro- 
graphs of  SiC  heat  exchanger  tubing  show  similar 
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background  structures.  Figure  18  shows  en  Acous- 
tic mlcrogreph  end  visual  Image  of  a slice  of  a 
ceramic  heat  exchanger  tube  (Carborundum  uSIC). 
Surface  flaws  have  been  seen  both  acoustically 
and  optically.  Subsurface  flaws  have  also  been 
suggested  by  acoustic  micrographs. 

The  equipment  arrangements  and  an  example  for 
acoustic  emission  studies  are  shown  In  Figures 
19-22.  The  equipment  and  some  data  for  acoustic 
Impact  testing  are  shown  In  Figs.  23-26.  Figure 
27  summarizes  the  studies  for  silicon  nitride 
rotors.  Figure  28  shows  a schematic  arrangement 
for  Infrared  scanning  of  SIC  heat  exchanger  tubing. 
The  tubes  are  heated  In  a water  bath  and  transient 
patterns  observed.  Tubes  1,  6 and  7 (counting 
left  to  right)  are  Norton  NC430i  tubes  2, 3, 4, 5 
are  Carborundum  SIC  tubes.  Tube  4 Is  severely 
cracked.  The  Norton  tubes  show  better  axial  heat 
conduction  than  the  Carborundum  tubes.  The  thermo- 
gram Is  originally  In  color.  In  this  black  and 
white  copy  the  darker  areas  are  associated  with 
higher  temperatures.  The  cracked  tube,  as  expected 
shows  the  worst  thermal  transport  characteristics. 

A maximum  temperature  gradient  of  about  2*C  Is  In- 
dicated. Infrared  Imaging  appears  to  be  capable  of 
visually  displaying  differences  In  heat  transport 
properties  due  to  variations  in  physical  properties 
In  ceramic  tubes  and  the  presence  of  gross  flaws. 

Details  of  the  various  aspects  of  this  study 
as  well  as  discussions  of  conventional  ultrasonic 
testing  and  fracture  mechanics  analysis  applied  to 
silicon  carbide  tubing  are  discussed  In  references 
1-4. 
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NO’IDESTRUCTIVE  INSPECTION  OF  HIGH  PERFORMANCE  CERAMICS 


R.  H.  Brockelman 

Army  Materials  and  Mechanics  Research  Center 
Watertown,  Massachusetts  02172 


ABSTRACT 

Two  ceramic  materials,  a hot-pressed  silicon  nitride  and  a siliconized  silicon  carbide,  were  manu- 
factured with  seeded  particulates  to  evaluate  the  effectiveness  of  existinn  nondestructive  test  practices 
at  AMHRC  for  defect  detection  in  ceramics  and  to  evaluate  the  effect  of  Inclusions  upon  material  strennth. 
The  types  of  seeded  defects  were  of  qreater  and  lower  density  relative  to  the  matrix  materials  and  ranned 
in  size  from  approximately  0.1  mm  to  O.A  nm.  The  nondestructive  methods  used  in  the  investiqatlon  were 
ultrasonics,  radioqraphy,  eddy  current  and  penetrant.  Bend  bar  specimens  were  cut  from  the  seeded  regions 
of  the  billets  and  tested  at  25°C,  1093'’C  and  1371“C.  Fracture  origins  were  examined  by  optical  and  elec- 
tron microscopv  and  by  microprobe  to  correlate  the  nature  of  the  fracture  initiating  defects  with  the  noi.- 
destructlvely  detected  defects.  This  permitted  a ranking  of  defect  detection  sensitivity  and  defect  ef- 
fect upon  strength. 


SUjfrWRY 

Two  billets  approximately  15  centimeters 
square  of  each  matrix  material  were  nrepared  with 
seeded  inclusion  particles  from  standard  produc- 
tion powder  mixes.  The  Inclusion  defects  selected 
for  incorporation  into  the  hot  pressed  silicon 
nitride  (HPSN)  were  graphite  (C),  iron  (Fe). 
silicon  (S)  and  tungsten  carbide  (WC)  particles. 

The  same  types  of  particles,  with  the  exception  of 
tungsten  carbide,  were  seeded  into  the  silicon 
carbide  (SIC)  billets. 

Maps  of  the  seeded  Inclusion  locations  and 
corresponding  ultrasonic  pulse-echo  C-scan  re- 
cordings of  the  billets  following  surface  machining 
are  shown  In  figs.  1-4.  The  nominal  sizes  of 
fine,  medium,  and  course  correspond  to  mean  par- 
ticle diameters  of  approximately  125,  250,  and  635 
microns.  The  ultrasonic  test  reveals  the  presence 
of  many  defects  in  the  billets  that  are  not  listed 
on  the  seed  location  maps.  Fig.  5 shows  C-scan 
recordings  of  the  variation  In  ultrasonic  energy 
loss  through  the  surface  machined  SIC  billets. 

White  areas  represent  a 3db  or  2 times  loss  of 
energy  compared  to  dark  areas.  Point  by  point 
ultrasonic  velocitv  measurements  In  the  billets 
showed  an  average  longitudinal  wave  velocity  for 
the  HPSN  billets  of  1.12  cm/psec  with  a variation 
of  less  than  1 percent  between  measurements.  The 
SIC  billets  had  variations  up  to  3 percent  with  an 
average  of  1.21  cm/usec. 

Figure  6 presents  variations  In  eddy  current 
response  of  a SIC  billet.  The  numerical  values 
are  only  relative  showing  variation  in  resistivity 
with  a single  billet.  Each  billet  was  examined  by 
liquid  penetrant  for  surface  cracks,  porosity  and 
edge  laminations.  A map  of  liquid  penetrant  Indi- 
cations in  a SiC  billet  is  shown  in  Fig.  7.  The 
HPSN  billets  were  free  of  indications.  Positive 
prints  of  radiographs  of  the  billets  are  shown  in 
Fig.  9.  All  sizes  of  the  tungsten  carbide  and 
iron  contaminants  in  the  HPSN  billets  are  visible. 
The  fine  and  medium  size  silicon  and  graphite 
particles  were  not  visible  in  the  HPSN  billets. 

Only  the  large  graphite  particles  and  a surface 
scab  are  visible  in  the  radiograph  of  the  SIC  bil- 
let. 
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Figures  10  and  11  contain  examples  of  indi- 
vidual C-scans  of  rough-cut  bend  bars  sectioned 
from  the  billets  and  the  subsequent  microscope 
analyses  of  defects  contained  within  the  corre- 
sponding bend  bars.  The  latter  includes  photo- 
micrographs of  the  fracture  initiating  defect  and 
a photograph  of  the  display  of  the  energy  disper- 
sive microprobe.  The  photomicrographs  are  orient- 
ed such  that  the  thickness  direction  of  the  bend 
bar  corresponds  to  the  vertical  direction  of  the 
page.  The  C-scans  were  made  from  both  the  front 
and  back  sides  of  the  bars.  In  addition  to  the 
two  dimensional  displays  of  the  defect  positions 
(in  plane  of  paper),  the  depth  (in  direction  per- 
pendicular to  plane  of  paper)  of  the  defects  are 
tabulated,  as  determined  by  the  method  of  detection. 
Depths  are  measured  relative  to  the  back  surface 
of  the  bar.  The  following  abbreviations  are  used 
in  the  C-scans: 

F - Front  surface  view 

B - Back  surface  view 
ON  - Defect  number 

USD  - Depth  of  defect  as  determined  by  ultra- 
sonics distance  measured  from  back  sur- 
face (B)  in  Inches. 

XRD  - Depth  of  defect  as  determined  by  radiog- 
raphy distance  measured  from  back  sur- 
face (B)  in  Inches. 

H - Defect  density  higher  than  that  of  matrix. 

L - Defect  density  lower  than  that  of  matrix. 

In  the  listing  of  the  defects  below  a C-scan 
figure,  an  arrow  indicates  the  defect  which  was 
sought  as  the  fracture  origin  (target  defect). 
Multiple  defects  were  present  upon  occasion  at  the 
same  depth  within  the  sample. 

Results  of  band  bar  testing  and  a ranking  of 
defect  detection  sensitivity  and  defect  effect 
upon  strength  can  be  found  in  the  following  Reference: 


H.  R.  Baumgartner,  R.  H.  Brockelman,  P.  M.  Hanson, 
Development  of  Nondestructive  Testing  Techniques  for 
High  Performance  Ceramics.  AFfIRC  TR  7S-11  (Army 
Materials  and  Mechanics  Research  Center,  Jan.  1973). 
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Fig.  3.  Defect  seeding  plan  for 
silicon  carbide  billet. 


No.  2 Billet 


No.  1 Billet 


).  4.  Ultrasonic  C-scan  recordings  at  25  Wz  of  defects  In  siliconized 
silicon  carbide  billet. 
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Ultrasonic  C-scan  recordings  at  15  MHz  of  attenuation  changes  In 
silicon  carbide  billets. 
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ITho  data  shown  in  Fif(>  5 denK>nst rates  our 

ability  to  detect  hitliII  voids  in  as  well  as 

inclusions.  The  voids  were  forn>ed  in  the  Interior 
f of  a 0. 2^(>**-t  h ick  plate  by  fir.st  drilliiiK  small 

p holes  in  a 0.  l25*'-thlck  plate,  and  then  diffusion 

bonding  this  plate  to  a second  0.  l25'*-thlck  plate. 
The  voids  that  were  not  detected  by  microwaves  wt're 
also  weaklv  inwiged  in  an  X-ray,  Indicating  that 
these  particular  holes  probably  were  fllled«wlth 
soroi'  kind  of  nwiterial. 

A hot-pressed  SijN^  billet  In  the  form  of  a 
surface-ground  disk  was  also  examined  using  micro- 
waves.  The  results  are  shown  In  Fig.  6.  X-rays 
showed  the  presence  of  an  unintended  hlgh-density 
Inclusion  in  the  disk,  and  this  flaw  Is  detected 
in  the  microwave  C-scan.  This  experiment  also 
shows  the  effect  of  diffraction  near  a sharp  edge. 
The  cross-polarized  scattering  from  an  edge  is 
quite  strong,  and  can  be  detected  at  a significant 
distance  from  the  edge. 

We  conclude  from  these  results  that  microwave 
techniques  can  be  used  to  detect  typical  flaws  that 
occur  in  ceramic  nuiterlals  like  provided 

that  the  fl.iws  are  not  located  near  a sharp  edge. 

l^U^T I T AT m MICROWAVE  NDE 

Measurements  aimed  at  assessing  the  quantita- 
tive potential  of  microwave  NDE  for  ceramics  using 
a homodync  backscatter  system  are  planned  for  the 
near  future.  However,  it  is  possible  to  nxikc  some 
gem*ral  statements  about  the  quantitative  capabil- 
ity of  microwave  NDE  without  having  specific  ex- 
perimental results. 

In  general,  there  are  two  basic  approaches  to 
the  utilization  of  scattering  data.  One  approach 
^ is  to  measure  the  scattered  pova*r  in  one  direction 

and  at  one  frequency,  i.e.,  the  scattering  cross 
section,  and  to  attempt  to  gain  information  about 
the  flaw  from  this  single  number.  The  other  ap- 
proach can  be  called  Imaging,  where  the  scattered 
power  (or  amplitude  and  phase  of  the  scattered 
field)  is  measured  over  a range  of  directions  and/ 
or  frequencies. 

The  measured  value  of  scattered  power  in  one 
direction  depends  on: 

• The  dimensions  of  Che  sentterer. 

• The  consClCuClvs  properties  (dlsJectrlc 
constant,  conductivity,  etc.)  of  the 
acacterer . 

• The  characteristics  of  the  trsnsmltter 
and  receiver,  as  determined  at  a given 
dlatance  from  the  seatterer. 

Therefore,  quentltatlve  NDE  uelng  crees  section 
measurements  requires  either: 

• Stetistlcel  callbrsclon  uelng  cherec* 
terlced  flaws  in  a fixed  site  and  shape 
of  test  piece,  or 

e An  eccuret#  scattering  theory  for  the 
flaws  of  interest. 

e Determination  of  the  transmltter/recclver 
charecterleclce  by  theory  or  calibration. 


e N»»gllglMc  (or  prcdlct.iblo)  scattering 
from  the  boundaries  of  the  test  piece. 

e a priori  inform.it  Ion  on  .ill  but  one  of 
the  independent  diimMisional  and  consti- 
tutive paranH'ters  of  the  flaw. 

It  would  appear  that  statistical  calibration  is  t lie 
mi»re  fe.islhle  approach  in  this  case. 

In  the  case  of  Inviglng,  it  is  Huftlcienl  to 
discuss  two  types.*  A-scan  and  C-scan.  A-scan 
inuiging  Involves  the  use  of  a short  pulse  (or  nuinv 
coherent  frequencies)  to  oHMsure  the  length  and 
profile  of  the  scatterer  along  the  direction  of 
propagation.  Under  some  conditions  the  type  of 
flaw  may  also  be  deduclble  from  this  nK*asurem<*f»t . 

Quantitative  A-scan  imaging  of  typical  inter- 
nal flaws  in  ceramics  is  not  feasible  using  micro- 
waves.  For  exanq^le,  even  with  a carrier  frequemv 
of  100  GHz,  the  best  achievable  resolution  is  still 
only  on  the  order  of  10  mm. 

In  C-hcan  imaging  the  transverse  ditm»naions  of 
the  scatterer  .ire  miMsured  by  scanning  the  test 
piece  (or  tlie  tran8mlt/re''rlve  beam)  perpendicular 
to  the  direction  of  propagation.  With  a mtcrow.ive 
system  it  is  possible  to  obtain  a focused  beam 
whose  width  is  about  one  w.ivclength.  For  example, 
this  width  would  be  about  1 mm  at  100  GHz. 

Thus,  a CW  microwave  C-scan  inuiging  system  can 
give  a quantitative  indication  of  the  transverse 
dimension  of  flaws  that  are  larger  than  about  ^ mm 
and  that  are  located  several  mm  from  the  test-piece 
boundaries  in  the  transver.se  plane.  It  should  be 
noted  again,  however,  that  flaws  much  smaller  in 
size  can  be  <^t<^ted  by  such  a microwave  system. 
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ABSTRACT 

A high  frequency  A-scan  system  (150-450  MHz  longitudinal,  150-300  MHz  shear)  has  been  used  to  char- 
acterize defects  in  ceramics.  An  Indium  bonding  technology  has  been  developed  to  make  broadband,  and  ef- 
ficient transducers.  Defect  characterization  is  done  by  comparing  the  time  domain  backscattered  signals 
from  defects  to  theory.  A Wiener  filter  Is  used  In  order  to  correct  the  response  of  the  transducer  and  the 
propagating  medium,  and  thus  give  the  Impulse  response  of  real  defects.  A good  agreement  between  theory 

and  experiment  Is  obtained  for  Inclusions  such  as  voids,  WC,  and  SIC  In  S1,N,. 

3 4 

INTRODUCTION 


Ceramic  materials  such  as  SI3N4  and  SIC  are  be- 
coming increasingly  Important  structural  materials 
because  of  their  high  strength,  and  high  temperature 
capabilities.  However,  because  ceramic  materials 
are  brittle,  it  is  important  to  detect  small  inclu- 
sions in  the  size  range  of  10-  100  iim.  For  this 
purpose  we  design  our  A-scan  system  to  operate  In 
the  frequency  range  of  150-  500  MHz  with  longitudi- 
nal wave  transducers  and  1n  the  range  of  150  - 300 
MHz  with  shear  wave  transducers. 

In  this  work  we  describe  pulse  echo  techniques 
and  backscatter  measurements  as  a function  of  fre- 
quency conducted  on  flaws  in  ceramics  (SljN^).  We 
are  concerned  with  comparing  the  reflected  echo 
signals  to  theoretical  calculations  of  scattering 
from  flaws  as  a function  of  frequency.  Alterna- 
tively, we  are  interested  In  the  backscattered  sig- 
nal as  a function  of  time  due  to  an  Incident  narrow 
acoustic  base  band  pulse,  which  at  least  In  theory 
has  the  form  of  a i function. 

We  describe,  1n  this  paper  how  we  have  used 
Wiener  filtering  techniques  to  correct  for  the 
transducer  response  variation  as  a function  of  fre- 
quency and  obtain  after  processing  very  narrow 
pulses.  We  correct  not  only  for  defects  in  the 
transducer  characteristic  Itself,  but  also  for  dis- 
tortion of  the  signals  by  the  contacting  system  em- 
ployed and  by  the  attenuation  in  the  sample  varying 
with  frequency.  By  this  means  we  can  use  the  cor- 
rected pulse  to  probe  a flaw  and  the  output  signal 
obtained  shows  the  true  time  domain  response  from 
the  flaw,  which  can  then  be  compared  to  theory. 
Experimental  results  obtained  with  real  defects  such 
as  WC  in  SigNg,  and  vacancies  In  SigNg  are  presented 
and  used  to  predict  the  type  and  size  of  the  defects. 

The  transducers  used  in  our  work  were  origi- 
nally made  by  rf  sputtering  an  8 um  thick  zinc  oxide 
(ZnO)  film  on  a sapphire  (ACjOi)  buffer  rod.'  The 
transducers  thus  obtained  are  longitudinal  wave 
transducers  resonant  at  a center  frequency  of  300 
MHz.  In  order  to  achieve  more  efficient,  and 
broadband  transducers,  we  developed  an  Indium  (In) 
bonding  technology.’  With  In  bonding,  we  can  use 
single  crystal  piezoelectric  materials  such  as 
Lithium  Niobate  (LiNhPj,  and  we  can  make  either 
longitudinal  or  shear  Save  transducers.  A schematic 
diagram  of  an  In  bonded  transducer  is  shown  In 
^1q.  1.  The  Titanium  (Ti)  and  Gold  (Au)  layers  are 
first  evaporated  on  the  surfaces  to  be  bonded.  The 


Fig.  I.  Schematic  diagram  of  Indium  bonded 
transducer . 


samples  are  then  placed  in  a vacuum  station  where 
In  Is  evaporated,  and  the  surfaces  pressed  against 
each  other  with  a pressure  of  500  kg/cm’,  without 
breaking  the  vacuum.  The  In  and  Au  form  an  alloy 
which  makes  a very  strong  cold  bond.  The  piezo- 
electric material  is  then  (lollshed  to  the  desired 
thickness  for  operation  in  the  frequency  range  of 
interest.  The  impulse  of  an  In  bondeil.  I iNbO^  on 
Silicon  Nitride  (Si  N ) shear  wave  transducer  Is 
shown  in  Fig.  2.  The  untuned  two-way  Insertion  loss 
of  the  transducer  of  Fig.  ? is  shown  in  Fig.  3.  A 
loss  of  4 dP  is  due  to  diffraction,  and  propagation 
loss  In  the  SI^N^  buffer  rod. 
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THEORETICAL  IMPULSE  RESPONSE 


(Fig.  2.  impulse  response  of  LiNb03/SijN4  shear 
wave  Indium  bonded  transducer. 


A schematic  diagram  of  the  A-scan  system  used 
in  our  study  is  shown  in  Fig.  4.  The  bottom  end  of 
the  buffer  rod  is  polished  with  a radius  of  curva- 
ture of  20  cm.  Contact  to  the  ceramic  under  study 
is  made  by  pushing  the  curved  end  of  the  buffer  rod 
against  the  ceramic  without  using  a contacting 
layer  such  as  gold.’  The  transducer  is  excited  with 
a 30  V,  2 nsec  electric  pulse  in  order  to  obtain 
broad  bandwidth  operation. 

The  received  signal  at  the  transducer  is  pass- 
ed into  a sampling  oscilloscope  which  yields  an  out- 
put which  is  a slowed  down  version  of  the  pulse, 
a Biomation  analog-to-digi tal  converter  is  used  to 
sample  the  slowed  down  pulse  and  digitize  it  for 
insertion  into  a POP  11-10  minicomputer.  The  com- 
puter is  used  to  take  fast  Fourier  transforms  and 
correct  the  received  signal. 


fRtOUENCV  MHI 


Fig.  3.  Two-way  insertion  loss  of  a delay  line 
with  the  transducer  of  Figs.  1 and  z. 


R = 20  cm 
20  = .1  cm 

F = 172  N S 39  Lbs 

Fig.  4.  Schematic  ot  A-scan  system. 

The  frequency  response  X(u))  of  the  trans- 
ducer pulse  is  calculated  by  carrying  out  a S12 
point  Fast  Fourier  Transformation  (FFT).  Time  and 
frequency  responses  to  our  transducer  are  shown  in 
Figs.  5(a)  and  5(b),  respe  tively.  Ideally  we 
would  like  to  correct  the  transducer  response  by 
constructing  an  inverse  filter  with  a response 
1/X(ia)  . However,  at  fregucncies  where  X(vl  > 0 


k:4  3 


the  filter  would  not  be  realitable.  Instead  we 
have  designed  a Wiener  filter  with  a response 


X(u)  X*(u))  * N" 

2 

where  N is  the  noise  level  in  the  system.  In  the 
computation  we  set  at  an  arbitrary  but  constant 

level , t^or  simpl  icity . 

From  the  formula  (1),  it  is  apparent  that  the 
total  bandwidth  above  the  arbitrary  noise  level  of 
the  transducer  is  being  used  instead  of  the  3 dB 
bandwidth;  thus  we  can  utilize  the  10  dB  or  even  20 
dB  bandwidth  of  the  transducer,  and  considerably 
improve  the  depth  resolution  by  this  technique.  It 
will  be  noted  that  if  X(ii))X*(io)  ■ N' , W(ij)  ► 1/X(i»0 . 
i.e.,  the  system  behaves  like  an  inverse  filter. 


5(c)  and  5(d)  this  output  signal  is  uniform  over  a 
wide  frequency  range  and  is  very  close  to  a 
6-function.  Thus,  we  can  effectively  eliminate  the 
defects  in  the  transducer  response,  increase  its 
effective  bandwidth,  and  improve  the  impulse  re- 
sponse and  depth  resolution  by  using  a Wiener  filter. 

The  picture  in  Fig.  6 shows  the  reflected 
pulse  from  an  unknown  defect  in  a silicon  nitride 
ceramic.  The  adaptive  filter  technique  was  applied 
to  the  reflected  signal  in  order  to  evaluate  this 
defect.  The  output  signal  passed  through  the  fil- 
ter is  shown  in  Fig.  7(a);  its  time  domain  re- 
sponse is  compared  with  the  theoretical  response  of 
a WC  inclusion  in  Si^N^  shown  in  Fig.  7(b). 
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Fig.  6.  Backscattered  signal  from  an  unknown 
inclusion  in  Si3N,,. 


Comparing  Figs.  7(a)  and  (h),  we  conclude  that 
the  scattering  from  the  unknown  inclusion  shown  in 
Fig.  6 is  equivalent  to  a WC  sphere  with  a diameter 
of  90  urn.  This  result  was  obtained  by  measuring 
the  delay  between  the  front  and  hack  surface  echoes 
in  the  time  domain. 

The  normalized  amplitude  of  the  front  surface 
echo  from  a spherical  surface  can  be  shown  to  have 
the  following  dependence'; 


Fig.  b.  Design  of  Wiener  filter: 

(a)  Impulse  response  of  ZnO'Ai’-O,  trans- 
ducer. 

(b)  Frequency  response  of  ZnO/At-O  trans- 
ducer. 

(c)  Frequency  response  of  Zn0'AC203  trans- 
ducer after  passing  through  the  Wiener 
f 1 1 ter. 

(d)  Impulse  response  of  Zn0/At203  trans- 
ducer after  passing  through  the  Wiener 
f i1 ter. 

The  output  signal  of  the  transducer  pul 
passed  through  this  filter  is  calculated  by 
plication  in  the  frequency  domain  followed 
Inverse  Fourier  Transformation.  As  shown 


where  a is  the  radius  of  the  sphere,  T is  the 
reflection  coefficient  due  to  impedance  mismatch, 
and  Z is  the  distance  from  the  transducer  to  the 
defect.  By  comparing  the  amplitude  of  the  front 
surface  echo  to  that  of  a hemispherical  void  dril- 
led in  the  back  of  a piece  of  ceramic,  we  can  make 
another  estimate  of  the  size  of  bulk  defects.  In 
the  case  of  the  defect  shown  in  Fig.  o,  we  calcu- 
e a diameter  of  100  um.  This  result  is  in 
ment  with  the  size  estimate  from  the  time  do- 
" Mil'  -I'  .iTvsis. 


Fig.  7.  Comparison  of  Impulse  responses  in  the 
time  domain. 

(a)  Defect  in  Fig.  b. 

(b)  Tneoretical  WC  inclusion. 


A major  advantage  of  the  present  technique 
over  X-ray  methods  is  that  it  very  easily  deter- 
mines if  the  inclusion  is  in  contact  with  the  sur- 
rounding medium.  Other  samples  of  Tungsten  Carbide 
in  Silicon  Nitride  showed  up  in  microfocus  X-ray 
measurements,  but  behaved  like  vacancies  acousti- 
cally. When  they  were  lapped  down,  the  Tungsten 
Carbide  was  found  to  be  supported  from  the  surround- 
ing medium  only  by  a small  fillet. 

Finally,  this  high  frequency  technique  appears 
to  yield  information  on  the  uniformity  of  the  inclu- 
sion. In  one  case  where  a two-phase  material  was 
present,  scattered  signals  from  within  the  inclu- 
sion were  clearly  observed. 

ACKNOWLEDGEHFNTS 

The  work  reported  in  this  paper  was  supported 
by  the  Advanced  Research  Projects  Agency  through 
the  U.S.  Air  Force  under  subcontract  from  Rockwell 
International  under  Contract  RI74-20773. 

REFERENCES 

1.  B.  T.  Khuri-Yakub  and  G.  S.  Kino,  "Acoustic 
Pulse  Echo  Measurements  at  200  MHz,"  Appl . 

Phys.  Letters  30,  2 (15  January  1977,'. 

2.  C.  Lardat,  Thomson  CSF,  Cagnes-Sur-Mer, 

Private  Communication. 

3.  S.  Burns,  J.  Tien,  B.  T.  Khuri-Yakub,  and 
G.  S.  Kino,  "Acoustic  Coupling  into  an 
Elastic  Solid  by  Hertz  Contact  Stresses," 
in  press. 

4.  G.  S.  Kino,  "The  Application  of  Reciprocity 
Theory  to  Scattering  of  Acoustic  Waves  by 
Flaws,"  J.  Appl.  Phys.  49(6)  (June  1978). 


The  silicon  nitride  sample  has  been  lapped 
down  to  the  defect.  The  defect  was  found  out  at 
exactly  the  same  location  where  we  predicted,  and 
its  size  was  measured  to  be  160  pm  diameter  com- 
pared to  our  estimated  90-  100  pm  diameter.  How- 
ever the  material  within  the  defect  has  been  ana- 
lyzed by  using  X-ray  spectroscopy,  and  turned  out 
to  be  a two-phase  mixture  of  Tungsten  OiSilicide 
(WSi2)  and  Silicon  Carbide  (SiC).  Interestingly 
enough  in  our  experimental  time  domain  results 
shown  in  Fig.  7(a)  there  are  extra  peaks  in  the 
response  between  the  two  main  pulses  expected  in 
the  theory;  this  appears  to  be  associated  with  the 
two-phase  nature  of  the  inclusion. 

We  note  that  our  experimental  measurement  only 
gave  a reasonable  estimate  of  the  size  of  the  inclu- 
sion. But  there  was  some  error  because  the  material 
of  the  Inclusion  had  a higher  velocity  than  expect- 
ed for  Tungsten  Carbide.  Thus  we  see  that  basically 
the  technique  determines  the  transit  time  of  waves 
through  the  sample  and  the  impedance  mismatch  at  the 
sample.  But  other  techniques  such  as  low  frequency 
angular  scattering  Imaging  measurements  may  be  need- 
ed to  supply  one  extra  piece  of  Information,  the 
size  or  the  density  of  the  defect  to  allow  all  its 
parameters  to  be  evaluated  accurately. 
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INSPECTION  OF  CERAMICS  INCORPORAMNU  Sl.’l  fSTIMMION 
METHODS  USING  CONVtN’IONAl  ULTRASONICS 


Cl.  A.  Alers,  R.  C.  Addison.  Jr.  .md  I . A AhlOm) 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  d\  ino 


ABSTRACT 

One  of  the  principal  characteristics  of  the  insttection  of  ceramic  nviterials  is  the  small  site  of  the 
critical  defects  involved.  In  order  to  meet  this  challenge,  either  very  high  freguency  technigues  must 
be  deyeloped  or  conyentional  (low  freguency)  techniques  must  be  used  in  siiecial  ways.  This  paper  ad- 
dresses the  latter  approach  by  inyestigating  the  use  of  conmercial  transducers  combined  with  focusing 
technigues  in  a water  bath  at  frequencies  in  the  range  of  5 to  ?0  MUj  as  well  as  signal  analysis  tech- 
niques using  plane  wayes  in  the  30  to  40  MHt  range  using  special  order  rormiercial  transducers . Although 
the  high  velocity  of  sound  in  the  ceramics  used  (silicon  nitride)  put  some  restrictions  on  the  num<>rical 
aperture  which  could  be  obtained  with  acoustic  lenses,  a focused  beam  ultrasonic  system  for  use  in  a 
water  bath  was  designed  and  used  to  produce  maps  which  showed  the  location  and  ivflecting  th'wi'r  of  defects 
in  flat  ceramic  specimens.  Subsequent  analysis  of  the  reflectors  discoyered  by  this  focused  beam  system 
was  carried  out  by  a hand-held  ultrasonic  probe  which  irradiated  the  sample  with  plane  waves.  Bv  per- 
forming Fourier  analysis  of  the  echo  signals  from  the  "defects"  and  comparing  the  frequency  siv'ctrum 
obseryed  with  calculated  spectra,  it  was  possible  to  estinvite  the  effectiye  spherical  site  of  the  scat- 
tering objects.  Analysis  of  the  frequency  deiiendence  of  the  scattered  energy  in  the  long  wave  length 
limit  also  provides  a measure  of  an  effective  spherical  volunv*  of  the  scatterer  but  this  nv'thod  was  found 
to  require  additional  signal  processing  methods  which  will  be  developed  at  a later  date. 


BACNGROUND 

As  ih'scribed  on  Poster  1,  the  basic  problem 
with  inspection  of  ceramic  materials  .vises  from 
the  fact  that  the  critical  defects  ,\re  small  (of 
the  order  of  100  microns).  Thus  the  ultrasonic 
reflections  are  expected  to  be  small  .and  near  the 
noise  level  not  only  because  of  the  ,iefect's  geo- 
metric site  but  also  because  the  wave  length  of 
the  sound  wave  (of  the  order  of  BOO  microns  at 
20  MHz)  is  larger  than  the  liefect.  FurtherriHire, 
the  estimation  of  the  site  and  fracture  mechanics 
parameters  of  the  defect  from  .analysis  of  the  long 
wave  length  limit  of  the  reflected  energy  requires 
accurate,  quantitative  data  .analysis  that  is  a ,1*'- 
!ii.anding  process  even  with  large  signals.  To  over- 
come these  drawbacks,  two  approaches  are  avail- 
able. One  is  to  increase  the  .amount  of  ultrasonic 
scattering  by  increasing  the  ultrasonic  frequency 
in  order  to  m.ake  the  wave  length  equal  to  or  less 
than  th«’  liefect  dimensions.  The  other  is  to  en- 
hance the  low  frequency  scattering  by  focusing 
more  incipient  energy  onto  the  .iofect.  The  former 
approach  is  described  elsewhere'  while  the  ob- 
jective of  this  paper  is  to  investigate  the  latter 
approach  and  to  ilemonstrate  the  capabilities  lis- 
ted on  the  bottom  of  Poster  1. 

Poster  2 describes  tht'  cons i ,lerat  ions  neces- 
s.ary  for  implementing  a focused  ultrasonic  beam 
technique  for  inspection  of  a ceramic  plate.  The 
ilem.anding  circumstance  h«’re  is  the  unusually  high 
ultrasonic  velocity  in  the  silicon  nitridi'  cer.unic 
material  which  causes  the  outermost  rays  from  the 
focusing  transducer  to  be  refracted  strongly  to  a 
focus  that  is  closer  to  the  front  surface  than  the 
focal  point  for  the  more  centrally  located  sound 
rays.  In  order  to  minimite  this  effect  (which  is 
equivalent  to  spherical  aberration  in  optics),  the 
di.anH'ter  or  aperture  of  the  transducer  should  be 
kept  small  or  a liquid  with  a higher  sound  veloc- 


ity than  water  should  be  used  for  miners  ion.  Fpr 
our  experiments,  it  was  found  that  a S"  di.imeter 
tiMiisducer  had  to  be  stopped  down  to  5 'lb  inches 
since  a water  bath  was  used. 

Poster  ,1  describes  a second  and  very  important 
consideration  that  appears  when  low  frequency 
ultrasonic  waves  are  used  either  for  convenience 
or  for  obtaining  scattering  data  in  the  long  wave 
length  limit. Under  these  conditions,  the  tail 
of  the  echo  from  the  top  surface  of  the  sample  may 
well  still  be  present  at  the  time  of  arrival  of 
the  defect  echo  so  the  two  signals  appear  super- 
imposed on  one  .mother  and  quantitative  measure- 
ments of  the  defect  echo  are  rendered  very  inaccu- 
rate. To  circumvent  this  problem  ,md  to  develop 
.m  accurate  measure  of  the  .iefect  echo  alone,  the 
waveform  characterizing  the  tail  of  the  front  sur- 
face echo  and  any  other  background  noise  was  mea- 
sured by  moving  the  transducer  to  a defect  free 
region  and  the  computer  was  programned  to  subtract 
this  background  signal  from  the  defect  plus  back- 
ground waveform.  An  ex.ample  of  the  waveforms  ob- 
served. and  the  results  of  the  subtraction  process 
.me  shown  on  the  right  side  of  Poster  3. 

Once  a "defect  free"  or  background  waveform 
had  been  established  .and  stored  in  the  computer, 
it  could  he  used  to  subtract  from  alt  waveforms 
taken  at  different  locations  on  the  s.ainile.  Our 
computer  was  progranmed  to  deduce  and  record  the 
peak-to-peak  amplitude  of  any  signal  found  in  a 
time  interval  chosen  to  encompass  the  region  in 
which  the  sound  was  focused  along  with  the  X-t  co- 
ordinates of  that  region.  From  this  data,  a map 
such  as  the  one  shown  in  Poster  4 was  made  by 
printing  X symbols  with  a .lensity  proportional  to 
the  signal  .implitude  at  each  coordinate  location. 

Following  the  establishment  of  the  locations 
and  relative  scattering  powers  of  the  defects,  the 


.'hP 


uUi-Jsonic  inspection  system  stK'wn  in  blocs  Jij- 
^cjin  tocm  on  Poster  S was  used  to  irr^jiile  tb«' 
vfc’fect  rtith  hi9h  trequency,  broad  band,  plane 
waves  and  to  digitally  analyte  tne  reflected 
echoes.  By  using  a sapphire  buftei'  rod  between 
the  transducer  and  the  sample,  more  energy  could 
be  .Vlivered  to  the  k'tect  and  far  field  app’-o«i- 
matiiws  could  be  justified,  fiiite  that  the  trans- 
ducer used  in  this  system  perm.'s  scattering  ver- 
sus frequency  data  to  be  obtained  over  a band  of 
frequencies  ectending  from  below  10  MHt  to  above 
40  m:. 

Some  results  of  this  analysis  applied  to 
echoes  reflected  from  voids  intentionally  placed 
in  silicon  nitride  samples  are  shown  on  Poster  6 
where  both  theoretical  and  experimental  curves  of 
frequency  versus  reflected  intensity  are  display- 
ed. For  voids,  theoretical  calculations^  shi'w 
that  tlie  first  maximum  in  reflectivity  occurs  at 
ka  » 1.05  which  corresponds  to  a frequency  of 
7.5  MHc  for  a 500  micron  void  and  15  MH:  for  a 
250  u void.  The  experimental  data  obtained  on 
voids  presumed  to  be  of  these  dimensions  .are  shown 
at  the  bottom  of  Poster  6.  The  sample  containing 
the  500  micron  void  was  sectioned  and  the  void 
shown  in  the  photomi crograph  was  uncovered  at  tfh' 
expected  location.  Us  actual  diameter  was 
measured  to  be  580  ♦ 10  microns  in  reasonable 


agreement  with  the  expectations  based  on  the 
scattering  data.  The  conclusions  reached  by  this 
study  wi-re  that  a conriercial  transducer  could  be 
fitted  with  a lens  for  operat '.an  in  a conventional 
water  bath  so  that  a moderately  high  resolution 
map  of  the  interior  defects  'n  silicon  nitride 
could  be  generated.  Because  the  defect  echoes 
were  small  and  not  wt'll  separated  in  time  from  the 
front  surface  echo,  special  signal  processing 
methods  had  to  be  incorporated  into  an  on-line 
computer  in  order  to  make  these  maps.  Once  the 
defect  locations  were  determined,  the  approximate 
size  of  the  defect  could  be  successfully  inferred 
from  the  frequency  dependence  of  the  reflectivity 
measured  with  a specially  designed,  plane  wave 
transducer  equipped  with  a buffer  rod. 

4CkN0MLtnr,MtM 

This  research  was  sponsored  by  the  Tenter  for 
Advanced  NOE  operated  bv  the  Science  Tenter, 
Rockwell  International  , fo*'  the  Advanced  Research 
Protects  Agency  and  the  Air  Force  *Xatprials 
Laborabory  under  contract  F.'l,Tbl5-74-C-518il. 

REFERFNTES 

1.  G.  S.  kino,  B.  T.  knur  i -Yakub,  Y.  Mvirak.ami, 
and  k.  H.  Yae,  "Bulk  Oefect  Characterization 
in  Ceramics,"  Review  of  Progress  in 
Quantitative  NOF,  La  ,Killa,  ld''8. 

2.  J.  R.  Rice,  "Long  Wavelength  Oefect 
Evaluation."  Ibid. 

3.  J.  Richardson,  “Direct  and  Inverse  Problems 
Pertaining  to  the  Scattering  of  Elastic  Waves 
in  the  Rayleigh  ^Lonq  Wave'  Regime."  Ibid. 


THE  INSPECTION  OF  CERAMIC  MATERIALS  AT  FREOUENCIES  BETWEEN  10  AND  bO  MHz 
PRESENTS  SEVERAL  PROBLEMS  TO  BE  OVERCOME 

• THE  CRITICAL  DEFECTS  ARE  SMALL  SO  SIGNAL  TO  NOISE  RATIOS  ARE  SMALL 

• LOW  SIGNAL  TONOISE  RATIO  SIGNALS  REQUIRE  SPECIAL  DATA  PROCESSING 
TECHNIQUES 

• DEFECT  SIZE  ESTIMATION  BV  LONG  WAVE L INGTH  SCAT T E RING  REQUIRES 
SUBTRACTION  OF  LOW  FREQUENCY  COMPONENTSOf  EARLIER  REFLECTIONS 
IN  THE  SAMPLE 

• LACK  OF  WELL  CHARACTERIZED  REFERENCE  SCATTERING  CENTERS  IN 
CERAMICS  HINDERS  ESTABLISHMENT  OF  DATA  PROCESSING  ROUTINES 


THESE  PROBLEMS  WERE  ATTACKED  IN  THIS  TASK  BY  THE  FOLLOWING  TECHNIQUES 

1 USE  FOCUSSED  TRANSDUCERS  TO  IMPROVE  SIGNAL  TO  NOISE  RAIIOS  AND  TO 
LOCALIZE  SCATTERNG  CENTERS 

2 USE  COMPUTER  CONTROLLED  SCANNING  OF  SAMPLES  IN  A WATER  BATH  TO 
PRODUCE  MAPS  SHOWING  DEFECT  LOCATIONS 

3 USE  DIGITAL  SUBTRACTION  OF  BACKGROUND  NOISE  TO  BE  T TE  R DE  FINE  DEFECT 
REFLECTION  SIGNAL 

4 USE  DIGITAL  FOURIER  ANALYSIS  OF  SIGNALS  TO  ESTABL  ISH  THE  FRE  QLIE  NCY 
DEPENDENCE  OF  THE  SCATTERED  ENERGY 

5 USE  THE  FIRST  MAXIMUM  IN  THE  FREQUENCY  DEPENDENCE  OF  THE  SCATTE  RED 
ENERGY  TO  ESTIMATE  THE  DEFECT  SIZE 


Poster  1 The  problem  and  approach  used  tor  the  detection,  location  and 
characterization  of  small  defects  in  ceramic  plates. 


Wl  WANT  TO  focus  TMf  ACOUSTIC 
BEAM  TO  LOCALIZE  THE  DETECT  AND 
DISTINGUISH  BE  TWEEN  MOL  TIALE  DEFECTS 


RESOLUTION  CONSIDERATIONS 
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THE  RESOLUTION  OBTAINED  INCREASES  AS  THE 
CONVERGENCE  ANGLE  INCREASES  THE  MAXIMUM 
CONVERGENCE  ANGLE  IS  LIMITED  BY  SPHERICAL 
ABERRATION  AND  DEPENDS  ON  THE  RELATIVE 
ACOUSTIC  VELOCITIES  IN  THE  WATER  AND  THE 
CERAMIC  FOR  A GIVEN  CONVERGENCE  ANGLE. 
THE  SPHERICAL  ABERRATION  CAN  BE  REDUCED 
BY  DECREASING  THE  RATIO  BETWEEN  THE 
CERAMIC  VELOCITY  AND  THE  SURROUNDING 
LIOUID  A HIGH  VELOCITY  LIQUID  SUCH  AS 
LIQUID  GALLIUM  WILL  PERMIT  A LARGER  CON 
VERGENCE  ANGLE  TD  BE  USED  WHILE  MAIN 
TAINING  NEGLIGIBLE  SPHERICAL  ABERRATION 

THE  OTHER  METHOD  FOR  INCREASING  THE 
RESOLUTION  IS  TO  INCREASE  THE  FREQUENCY 
THE  ULTIMATE  LIMITS  THAT  CAN  BE  ACHIEVED 
IN  THIS  DIRECTION  HAVE  NOT  BEEN  FULLY 
EVALUATED 


Poster  2 Description  of  the  problems  faced  when  designing  a lens  for 
use  on  silicon  nitride  samples  inr’ersed  in  water. 


PROBLEM 

THE  RINGING  FROM  THE  FRONT 
SURFACE  ECFIO  BECOMES  MIXED 
IN  WITH  THE  SIGNAL  FROM  THE 
DEFECT  AND  CAUSES  ERRORS 
IN  THE  APPARENT  PEAK  TO 
PEAK  AMPLITUDE  OF  THE 
DEFECT  SIGNAL 


DEFECT  SIGNAL  ' COHERENT  NOISE 


SOLUTION 

OBTAIN  A REFERENCE  WAVE 
FORM  FROM  A REGION  Of  THE 
PART  THAT  IS  FREE  OF  DEFECTS 
AND  DIGITALLY  SUBTRACT  * 
THISWAVEfORM  FROM  THE 
WAVEFORM  CO^TAINIMG  THE 
DEFECT  SIGNAL  RESULTSOF 
USING  THIS  TECHNIQUE  ARE 
SHOWN  BELOW 


T 1 1 ? 1 1 1 1 r 
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COHERENT  NOISE 


DEFECT  SIGNAL  COHERENT  NOISE 


Poster  3 Graphic  demonstration  of  the  value  of  correcting  the  signal 
waveform  for  the  background  "noise"  introduced  by  the  front 
surface  and  other  sources  of  ultrasonic  reflections. 


I 

I 

THE  FOCUSED  TRANSDUCER  IS  SCANNED  OVER  THE  SAMPLE  IN  A RASTER  PATTERN 
THE  PEAK  TO  PEAK  AMPLITUDE  OF  THE  DEFECT  SIGNAL  IS  EXTRACTED  FROM  THE 
WAVEFORM  BY  USING  WAVEFORM  SUBTRACTION  AND  TIME  GATING  THE  RESULT 
IS  PLOTTED  USING  A HALF  TONE  TECHNIQUE  TO  OBTAIN  A COARSE  GRAY  SCALE. 
ONE  OF  THE  MAPS  OBTAINED  IS  SHOWN  BELOW 


Poster  4 Computer  generated  map  displaying  the  location  of  two  "defects” 
within  a silicon  nitride  sample. 


TRANSDUCER  CHARACTERISTICS 

DIGITIZATION  OF  HIGH  FREQUENCY  WAVEFORMS  IS  ACCOMPLISHED  BY  COMPUTER 
CONTROL  OF  THE  EXTERNAL  SWEEP  ON  THE  SAMPLING  OSCILLOSCOPE 


I 

1 

\ 


Poster  5 Block  diagram  of  the  system  used  to  digitize  RF  ultrasonic 
signals  for  the  computer  and  the  frequency  response  of  the 
transducer  used  for  the  measurements. 
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600p  OIA  VOID  IN  Si3N4 


SAPPHIRE  BUFFER 
TRANSDUCER 


250»i  DIA  VOID  IN  SijN^ 

SAPPHIRE  Buffer 

TRANSDUCER 


500m  DIA  VOID  IN  Si3N4 
USING  A 10  MHz  TRANSDUCER 
AND  AN  Al  BUFFER  ROD 
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Poster  6 romparlson  of  psperlmentAl  and  throretlml  reflei  tlon  . M 
tude  versus  fre<juency  curves  for  fmi  voids  In  silicon 
semples. 
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FLAW  DETECTION  AND  CHARACTERIZATION  IN  CERAMICS 
WITH  THE  SCANNING  LASER  ACOUSTIC  MICROSCOPE  (SLAM) 


0.  E.  Yuhas  and  L.  W.  Kessler 
Sonoscan,  Inc. 
Bensenville,  Illinois  60106 


ABSTRACT 

The  high  resolving  power  coupled  with  the  real  time  capability  of  the  SLAM  make  It  a useful  tech- 
nique for  characterization  of  materials  Including  ceramics.  The  elastic  structure  of  ceramics  Is  often 
dependent  upon  the  details  of  the  fabricatlonprocess , e.g.,  sintering,  hot  pressing,  amount  of  binder, 
etc.  Accordingly,  acoustic  micrographs  and  acoustic  Interferograms  which  reveal  characteristic  sonic 
transmission  patterns  and  sonic  velocity  variations,  respectively,  can  be  used  to  nondestructively  eval- 
uate ceramics  to  ensure  material  uniformity.  In  addition,  the  ability  to  nondestructively  detect  flaws 
and  Inclusions- Is  Important  In  fracture  toughness  studies  and  In  the  evaluation  of  finished  components. 

This  presentation  will  survey  a series  of  acoustic  micrographs  obtained  at  100  MHz.  Micrographs 
Illustrating  the  characteristic  acoustic  signatures  of  a variety  of  hot  pressed  and  reaction  sintered 
components  will  be  presented.  In  addition  to  this  characterizatlondata,  micrographs  showing  specific 
defects  In  silicon  mitrtde  and  silicon  carbide  will  be  presented.  The  "library"  of  flaws  Includes 
Implanted  Inclusions  and  Induced  surface  flaws,  as  well  as  burled  Inclusions  and  surface  flaws  which 
occur  as  the  result  of  the  normal  processing  cycle.  Work  was  done  on  fabricated  test  samples  as  well  as 
molded  parts,  e.g.,  turbine  blades.  The  ultrasonic  detectability  of  defects  Is  dependent  upon  many  fac- 
tors Including  acoustic  frequency,  acoustic  energy  mode,  elastic  properties  of  the  flaw,  and  the  back- 
ground structure  of  the  "'a'r^'rial  under  investigation.  Because  of  the  large  acoustic  Impedance  difference 
between  some  flaws  and  the  host  material,  defects  an  order  of  magnitude  smaller  than  the  25  micron  reso- 
lution element  at  100  MHz  are  easily  detected.  For  example,  the  presence  of  micron-sized  pores  In 
reaction  sintered  turbine  blades  is  readily  discernable  although  Individual  pores  are  not  resolved.  The 
Importance  of  SLAM  real  time  capability,  the  Influcence  of  acoustic  background  structure,  and  the  use  of 
different  acoustic  energy  modes,  e.g.,  bulk  waves  vs.  surface  waves  on  defect  detectability  and  character- 
ization will  be  discussed. 


•This  research  was  sponsored  In  part  by  the  Center  for  Advanced  NDE  operated  by  the  Science  Center, 
Rockwell  International,  for  the  Advanced  Research  Projects  Agency  and  the  Air  Force  Materials  Laboratory 
under  contract  F33615-Z4-C-5180,  and  In  part  by  the  Argonne  National  Laboratory. 
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ACOUSTIC  MICROSCOPY  FOR  MATERIALS  CHARACTERIZATION 


A.  Atalar,  V.  Jlpson  and  C.  F.  Quate 
Stanford  University 
Stanford,  California  94305 


ABSTRACT 

An  acoustic  microscope  with  mechanical  scanning  and  piezoelectric  film  transducers  for  the  Input  and 
output  has  been  developed  for  the  microscopic  examination  ol  materials.'  In  the  reflection  mode  It  1s  pos- 
sible to  work  with  an  acoustic  wavelength  of  0.5  micrometers  and  a resolution  that  compares  to  that  of  the 
optical  microscope.  The  elastic  Images  of  material  surfaces  as  recorded  with  this  Instrument  display  In- 
teresting features  which  provide  Information  which  complements  the  optical  microscope.  In  particular  we 
find  that  different  phases  show  up  with  good  contrast  and  In  alloy  material  the  texture  of  the  grains  can 
be  recorded  since  the  grain  orientation  Influences  the  acoustic  reflectivity. 


THE  SCANNING  PRINCIPLE 

With  conventional  microscopes  It  Is  common  to 
view  the  entire  field  of  view  with  one  setting  of 
the  controls.  The  Image  appears  either  on  the  ret- 
ina of  the  observer,  on  photographic  film  or  on  a 
fluorescent  screen.  With  acoustic  radiation  there 
Is  no  available  method  for  recording  the  entire 
field  of  view  In  this  manner.  Other  means  must  be 
found.  We  want  to  use  piezoelectric  films  for  they 
are  efficient,  highly  sensitive  and  they  operate 
over  the  entire  range  of  interest.  With  this 
choice  one  could  In  principle  build  up  an  array  of 
detectors  to  form  an  acoustic  retina.  In  such  an 
array  careful  attention  must  be  given  to  both  the 
phase  and  amplitude  of  the  signal  from  each  element. 
The  degree  of  complexity  In  this  system  was  such 
that  we  found  that  we  were  working  on  arrays  whereas 
It  was  the  microscope  that  held  our  Interest.  A 
single  detector  and  a mechanically  scanned  object  Is 
the  alternative.  In  an  Imaging  system  based  on 
scanning  the  beam  Is  tightly  focused  and  the  image 
field  Is  constructed  point  by  point  as  the  object  is 
moved  In  a raster  pattern  through  the  focus  of  the 
beam. 

At  first  we  turned  to  this  system  as  an  exped- 
ient but  as  we  gained  experience  we  found  that  a 
scanned  system  has  advantages  not  found  In  conven- 
tional systems 

In  electror  scopy  the  scanning  principle 

is  widely  used  dh  oEM  and  STEM.  They  have 
found  It  advant  . jeous  to  use  single  detectors  where 
the  response  can  be  optimized  to  highlight  selected 
parameters  in  the  scattered  radiation. 

The  primary  drawback  for  the  mechanical  system 
required  for  acoustic  scanning  is  the  speed.  It  Is 
slow.  Several  seconds  are  required  to  build  up  a 
single  frame  as  compared  to  television  rates  of  30 
frames /second.  This  will  be  overcome  In  time  for  we 
have  built  mechanical  systems  that  operate  at  ten 
frames  a second  but  the  work  to  be  reported  here 
will  be  limited  to  the  systems  which  use  slow  scans. 

The  advantage^  Inherent  to  scanning  systems 
with  focusing  were  not  obvious  in  the  beginning. 

It  Is  now  becoming  evident  that  scanning  systems 
which  record  a single  point  at  a time  exhibit  prop- 
erties that  are  different  from  those  that  display 
the  entire  field  of  view.  In  the  scanned  system 
there  Is  no  problem  with  coherent  radiation.  Since 


the  energy  at  the  focus  Is  confined  to  a diameter 
that  Is  less  than  one  wavelength  In  dimension  there 
are  no  Interference  fringes  of  the  type  that  are 
comnon  with  optical  microscopes  that  use  coherent 
laser  radiation.  These  fringes  arise  from  the  scat- 
tered radiation  from  two  points  on  the  object  that 
are  separated  by  many  wavelengths. 

We  have  been  operating  a reflection  micro- 
scope*””' for  some  time  now  at  a frequency  of  1100 
MHz  (X  • 1.4  urn).  We  have  also  carried  out  some 
preliminary  work  at  3000  MHz  (X  = 0.5  urn).  With 
this  Instrument  we  have  learned  that  it  has  some 
Interesting  and  perhaps  unique  properties  when  used 
to  study  the  microscope  features  of  materials  and 
Integrated  circuits. 

THE  INSTRUMENT 

The  transmission  Instrument  which  has  been 
developed  at  Stanford*  consists  of  two  confocal 
lenses,  one  to  focus  the  acoustic  radiation  down  to 
the  smallest  possible  diameter,  the  “waist",  the 
other  to  collimate  the  radiation  transmitted  through, 
or  scattered  by,  the  object  which  Is  placed  in  the 
focal  plane  and  which  Is  mechanically  moved  tele- 
vlslon-llke  In  two  orthogonal  directions.  In  the 
focal  plane.  Figure  1 Is  a sketch  of  the  geometry 
of  the  microscope  which  Is  almost  as  simple  in 
reality  as  In  the  sketch.  Water  fills  the  space 
between  the  lenses  and  the  object,  held  in  place  by 
capillary  attraction. 

The  lenses  are  simple  spherical  surfaces  ground 
Into  sapphire  blocks.  They  are  almost  aberration- 
free  because  (1)  they  are  small  (typically  100  mic- 
ron radius  of  curvature)  and  (2)  the  effective  re- 
fractive index  between  water  and  sapphire  is  7.45. 

The  large  change  In  velocity  reduces  spherical 
aberration  to  a negligible  quantity. 

The  "field  of  view”  for  such  a lens  is  small 
but  this  can  be  tolerated  with  a mechanically  scan- 
ned microscope  since  good  Imaging  quality  is  only 
required  on  the  axis.  The  resolution  of  these 
lenses  has  been  measured;  It  corresponds  closely  to 
the  "Raylelgh-crlterlon"  of  a single  lens,  which 
states  that  the  distance  d between  two  object 
points  which  can  be  resolved  Is  given  by  d * (0.66X/ 
N.A.)  where  ,X  Is  the  wavelength  In  the  medium  and 
N.A.  Is  the  numerical  aperture  (the  sine  of  the 
half-angle  of  convergence).  In  our  Imaging  system 
we  use  tyro  lenses  as  shown  In  Fig.  1 and  the  spatial 
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frequency  response  of  this  combination  is  almost 
twice  that  of  a single  lens. 


Fig.  1 — Sketch  of  microscope  geometry. 


In  operation,  a fraction  of  a watt  of  micro- 
wave  power  is  converted  into  a plane  acoustic  wave 
in  the  sapphire  block  by  one  of  the  transducers. 

The  spherical  lens  converts  this  into  a spherically 
converging  wave  in  the  water.  After  it  is  modified 
or  scattered  by  the  object  which  is  mechanically 
moved  across  the  waist  of  the  acoustic  beam  it  is 
collimated,  or  made  plane,  by  the  second  lens  so 
that  the  radiation  impinges  everywhere  in  phase  on 
the  second  transducer,  the  electrical  signal  from 
this  transducer  is  amplified,  rectified  and  used  to 
modulate  the  display  which  may  be  a cathode-ray 
tube  scanned  in  synchronism  with  the  motion  of  the 
object.  The  magnification  is  simply  the  ratio  of 
the  deflection  of  the  cathode-ray  tube  spot  to  the 
displacement  of  the  object.  Figure  2 shows  the 
microscope  with  its  mechanical  scanning  system. 

So  far  the  mechanical  scanning  we  have  used  is 
sinusoidal  at  a frequency  near  60  Hz  in  one,  say, 
the  x-direction  and  uniform  motion  in  the  y-direc- 
tion,  so  that  it  takes  several  seconds  to  obtain  a 
complete  picture,  recorded  with  a camera  attached 
to  the  cathode-ray  tube  screen.  The  scan  amplitude 
and  hence  the  field  of  view  is  but  a fraction  of  a 
millimeter;  if  a larger  object  is  to  be  examined 
the  picture  has  to  be  pieced  together  from  adjoin- 
ing pictures  in  the  form  of  a mosaic. 

The  usual  picture  shows  detail  by  way  of  an 
intensity  modulation;  the  more  radiation  reaches 
the  detedtor  the  brighter  the  image.  It  is  an 
inherent  feature  of  any  scanning  type  of  microscope 
that  the  contrast  in  the  picture  is  under  the  con- 
trol of  the  operator  of  the  instrument.  If  the 
signal-to-noise  ratio  is  adequate,  a variation  in 
the  radiation  transmitted  through,  or  reflected  by, 
the  object  of,  say  1%,  can  easily  be  amplified  to 
appear  as  a 100%  modulation  in  the  final  picture. 

In  the  acoustic  microscope,  at  microwave  frequencies. 


v/e  find  that  the  contrast  exhibited  by  most  ob- 
jects is  large  enough  so  that  contrast  amplifica- 
tion is  not  needed  and  it  is  possible  to  record  a 
signal  which  is  directly  proportional  to  the  ampl i 
tude  of  the  radiation  received  by  the  second  lens. 
Thus  the  Instrument  can  be  made  quantitative  in  a 
very  simple  arid  direct  manner. 


Fig.  2 --Photograph  of  the  acoustic  microscope's 
mechanical  components. 


Much  of  our  work  has  been  done  with  a reflec- 
tion mode.  The  essential  parts  of  this  form  of 
the  acoustic  imaging  system  is  shewn  in  Fig.  3. 

The  transducer  which  is  piezoelectric  generates 
the  acoustic  wave.  It  serves  to  convert  the  rf 
voltage  across  the  piezoelectric  film  into  a olane 
acoustic  wave  propagating  normal  to  the  surface. 

The  acoustic  lens  is  merely  a spherical  cavity  on 
the  opposing  side  of  the  crystal.  It  serves  to 
focus  the  plane  wave  into  a narrow  waist  at  the 
focal  point.  A liquid,  such  as  water,  fills  the 
gap  between  the  object  and  the  lens  in  order  to 
provide  a path  for  sound  propagation.  The  re- 
flected sound  wave  returns  through  the  lens  to  the 
transducer  which  is  now  acting  to  convert  the 
acoustic  signal  into  the  electrical  signal.  It  is 
important  to  note  that  the  transducer  is  sensitive 
to  the  phase  of  the  returning  wave  and  that  the  rf 
voltage  at  the  output  is  obtained  by  integrating 
the  acoustic  field  over  the  area  of  the  transducer. 
A microwave  circulator  separates  the  reflected  and 
incident  signals.  Normally  the  object  is  near  the 
focus  point  and  it  is  mechanically  scanned  in  a 
raster  pattern  normal  to  the  axis  of  the  beam.  The 
amplitude  of  the  returning  signal  is  used  to  con- 
trol the  intensity  of  a synchronously  scanned  elec- 
tron beam  in  a CRT.  In  this  way  the  image  is  dis- 
played on  the  CRT  and  it  is  recorded  by  photograph- 
ing the  face. 
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Fig.  3-The  configuration  of  the  scanning  acoustic 
microscope  as  used  in  the  reflection  mode. 


ACOUSTIC  MICROGRAPHS  FOR  INTFGRATFO 
CIRCUITS  ANO  MATERIALS 

The  product  of  any  investigation  with  a micro- 
scope is  the  final  image  and  in  this  section  we  will 
include  acoustic  micrographs  as  selected  to  illus- 
trate the  present  state  of  acoustic  imaging  at 
microwave  frequencies. 

In  the  first  micrograph  of  Fig.  4 we  show  the 
cross  section  and  optical  image  of  an  integrated 
circuit  fabricated  with  silicon-sapphire.  The 
acoustic  images  of  this  structure  are  shown  in  Fig. 
5.  There  we  see  the  change  in  contrast  as  we  change 
the  spacing  between  the  lens  and  the  sample. 
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Fig.  4 -The  cross  section  and  optical  Image  of  the 
SOS  device  of  Fig.  5. 


Fig.  S -Optical  (a)  and  Acoustic  (b),  (c)  Images  of 
H-MOS  transistors  on  an  SOS  chip.  Acoustic 
Images  are  recorded  at  different  Z posi- 
tions. Source  (S),  gate  (G),  metal  connec- 
tion (MC)  and  substrate  (Sub)  regions  are 
Indicated. 


This  feature  of  altering  the  lens-sample 
spacing  Is  further  Illustrated  In  Fig.  6.  There 
we  display  the  magnitude  of  the  reflected  signals 
as  a function  of  the  1ens-sample  spacing.  In  this 
case  there  Is  no  transverse  scanning  as  Is  conuion 
for  Imaging.  We  see  that  the  maximum  return  occurs 
when  the  sample  Is  at  the  focal  point  of  the  acous- 
tic beam  and  It  diminishes  on  either  side  of  this 
point.  The  Important  point  Is  that  the  shape  of 
this  curve  Is  dependent  on  the  elastic  properties 
of  the  reflecting  surface.  We  have  carried  out  the 
analysis  which  tells  us  that  this  curve  Is  a sensi- 
tive function  of  the  shear  wave  velocity  In  mate- 
rial under  examination.  Still  more  on  this  topic 
can  be  seen  In  the  micrographs  of  Fig.  7.  There  we 
show  the  response  for  pure  silicon,  for  silicon 
with  a 1 pm  layer  of  aluminum  and  for  silicon  with 
2 pm  of  silicon.  The  shape  of  the  curve  varies  be- 
cause of  the  acoustic  energy  that  Is  confined  to 
the  aluminum  layers.  It  suggests  that  one  can 
exploit  this  effect  to  monitor  changes  In  the  thick- 
ness of  metallization  layers  such  as  this. 

Another  application  of  this  Idea  Is  shown  In 
Fig.  8.  At  the  top  we  have  an  optical  Image  of  an 
SOS  circuit  — the  dark  region  Is  the  sapphire  sub- 
strate, the  grey  regions  are  silicon  and  the  bright 
stripes  are  aluminum  (7  pm  In  width).  On  top  of 
the  silicon  layer  and  beneath  the  aluminum  there  Is 
a 300  A layer  of  oxide.  This  allows  the  aluminum 
to  "crossover"  the  silicon  without  Interference. 

At  these  points  where  they  want  the  voltage  on  the 
aluminum  stripe  to  control  the  silicon  current  (or 
gate)  the  oxide  thickness  Is  reduced  from  3000  A 
to  1000  A.  The  two  squares  In  the  acoustic  Image 
Indicate  the  regions  where  the  oxide  Is  reduced. 

In  Fig.  9 we  show  the  optical  and  acoustic  Images 
of  a silicon  IC  circuit.  The  greater  contrast  In 
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of  these  phases  have  a different  reflection  coef- 
ficient for  acoustic  waves  since  the  elastic  con- 
stants vary  from  phase  to  phase.  This  shows  up  in 
the  acoustic  micrograph  as  four  different  shades  of 
grey. 
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ABSTRACT 


The  interfacial  regions  of  four  types  of  production-line  microelectronic  components  (die-bonded 
transistor  headers,  high  power  silicon  transistors,  chip-resistors,  and  multilayer  chip-capacitors)  have 
been  examined  using  a transmission  scanning  acoustic  microscope  operating  at  150  MHz  and  a combination 
of  modes.  Flaws,  voids,  and  defects  in  these  components  have  been  detected.  Some  characterization  of 
these  defects  has  also  been  obtained. 


INTRODUCTION 

The  characteristics  of  material  joints, 
bonds,  and  composites  are  greatly  influenced  by 
the  elastic  faults  such  as  stress  distribution,  mi- 
crostructures, defects,  and  voids  which  occur  in 
their  interfacial  regions.  It  is  thus  desirable  to 
detect,  identify,  and  ultimately  characterize  these 
faults  using  acoustic  techniques.  We  had  earlier 
employed  a transmission-type  scanning  acoustic  mi- 
croscope {l)(See  Fig.  1),  operating  at  150  MHz,  to 
image  tne  interfacial  regions  of  a number  of  spe- 
cially made  joints  of  large  thickness.  2,3  Also, 
by  using  a combination  of  the  amplitude  and  the 
phase  modes  of  operation  with  this  microscope,  we 
were  able  to  map  the  acoustic  velocity  and  the 
attenuation  coefficient  distributions  in  the  bond 
layer  of  a thick  adhesive  joint.  ^ Mapping  of 
these  acoustic  parameters  is  important  because  the 
strength  of  an  adhesive  bond  has  been  shown  to  be 
closely  related  to  them.  ' Detection  of  defects 
and  flaws  in  such  thick  specimens  was  facilitated 
through  operation  of  the  microscope  in  a combina- 
tion of  confocal  and  nonconfocal  modes  ^ at  a 
relatively  low  acoustic  frequency,  namely,  150  MHz. 
In  a nonconfocal  mode  of  operation,  the  separation 
between  the  transmitter  lens  and  the  receiver  lens 
is  set  slightly  larger  or  smaller  than  the  sum  of 
the  two  focal  lengths.  Using  this  mode  of  opera- 
tion it  is  possible  to  obtain  large  depth  of  focus 
and,  thus,  image  thick  specimens  at  a slight  reduc- 
tion in  spatial  resolution.  The  series  of  acous- 
tic images  shown  in  Fig.  2 for  a test  specimen 
serve  to  illustrate  this  capability.  The  test  spe- 
cimen was  a copper  plate  of  0.5nin  thick  with  the 
characters  CJM  and  the  pattern  of  various  shapes 
etched  on  one  face,  and  the  characters  NSF  and 
straight  bars  on  the  other. 

In  this  paper,  we  report  further  progress 
which  has  been  made  using  this  acoustic  microscope. 
Emphasis  of  the  present  work  is  placed  on  the  ima- 
ging and  the  characterization  of  the  interfacial 
regions  of  thick  production-line  microelectronic 
components. 

CAPABILITIES  OF  THE  SCANNING  ACOUSTIC  MICROSCOPE 

The  modes  of  operation  and  key  parameters  of 
the  scanning  acoustic  mirocsope  (SAM)  employed  in 
this  study  are  listed  as  follows: 


Modes  of  Operation;  Transmission 

Mode  I Ampi i tude 
) Phase 
j Confocal 
' Nonconfocal 

Acoustic  Lenses:  f/4  (in  water),  focal  length 
in  water  = 4 mm 

Spatial  Resolution;  30  /^m  in  water  at  150  MHz 
(confocal ) 

Field  of  View  for  the  Sample:  3 X 4 inn 
Magnification  of  Acoustic  Images:  35 

Total  Electrical  Throughput  Loss  (Without  spe- 
cimen): 55  DB 

Dynamic  Range:  30  to  50  OB  at  1 mw  (Odbm)  in- 
put electric  power,  depending  on  the  sample 
that  has  been  examined. 

IMAGING  AND  CHARACTERIZATION  OF  DISCRETE 
MICROELECTRONIC  COMPONENTS 

Four  types  of  thick  production-line  microelec- 
tronic components  have  been  examined  using  one  or 
a combination  of  the  modes  of  operation  listed  in 
Section  II. 

Die-Bonded  Transistor  Headers 

The  voids  in  the  bond  region  of  a die-bonded 
transistor  header  (See  Fig.  3(a))  is  known  to  re- 
sult in  "hot  spots"  and  thus  early  failure  of  the 
power  transistor.  The  spatial  resolution  and  con- 
trast obtainable  with  the  existing  instrument  based 
on  x-ray  radiography  are  less  than  desirable.  The 
three-dimensional  locations  of  small  voids  (not 
detectable  by  the  x-ray  method)  have  been  determined 
using  the  SAM  (See  Fig.  3(b)).  Fig.  3(c)  shows  that 
one  of  type  B headers  has  a very  poor  bond  while 
the  other  has  practically  no  bond  at  all. 

High  Power  Silicon  Transistors 

"Alloy  spikes"  at  the  silicon-alloy  interface 
are  known  to  cause  undesirable  effect  in  drastically 
lowering  the  breakdown  voltage  of  high  power  tran- 
sistors (See  Fig.  4(a)).  Their  location  and  size 
(See  Fig.  4(b))  have  been  determined  nondestructive- 
ly  from  the  data  obtained  using  both  the  amplitude- 
and  the  phase-  mode  of  operation  of  the  SAM  (See 
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Flj.  4(d)).  Estimated  sires  of  the  particular  ^ 
alloy  spike  detected  are  h ■ 15  Miti  and  b • lOOem. 

Thick-Fi Im_Circui ts  And  Thin-Film  Chip  Resistors 


fertt  deep  inside  thick  product  ion -line  multilayer 
microelectronic  components,  he  have  also  succeed- 
ed in  identifying  and  characterizing  some  of  the 
defects  such  as  voids,  alloy  spikes,  debonds,  and 
inclusions. 


In  thick  film  circuits,  the  particle  distri- 
bution in  the  film  will  affect  the  component  value, 
and  the  defects  in  the  film  may  reduce  their  re- 
liability. T>’e  acoustic  micrograph  shown  in  Fig. 
5(c)  of  a thick-film  resistor  (Fig.  5(a)) suggests 
a nonuniform  distribution  of  the  resistive  parti- 
cles and  some  defects  in  the  resistor  layer.  Fig. 
6(b)  shows  the  acoustic  micrograph  of  a thin-film 
chip  resistor  (Fig.  6(a))  in  which  the  defects  of 
the  multi-layer  structure  (alumina  substrate-NiCr- 
SiO-Coating)  are  clearly  seen. 

Hultilayer  Chip  Capacitors 

A variety  of  multilayer  chip  capacitors  in- 
cluding those  made  of  BaTi03  and  ceramics  have 
been  examined.  Defects  such  as  voids  and  debonds 
which  occur  at  the  interfaces  and  inclusions  which 
occur  in  the  dielectric  have  been  detected  by  re- 
cordinfla  series  of  acoustic  micrographs  as  the  spe- 
cimen was  translated  along  the  lens  axis.  For 
example,  the  acoustic  micrographs  shown  in  Fig.  7 
(c)  reveal  clearly  the  defects  in  different  cross- 
sectional  planes  of  a BaTiO-  chip  capacitor  (Fig. 
7(a))  furnished  by  American'^Technical  Ceramics.  A 
typical  amplitude  profile  of  the  transmitted  acous- 
tic energy  (Fig.  7(d))  indicates  that  the  acoustic 
wave  suffers  an  attenuation  of  about  15  db  when  it 
impinges  upon  a defect  located  at  P.  This  type  of 
defect  may  result  from  some  kind  of  inclusion.  The 
optical  image  for  an  appropriate  cross-section  is 
shown  in  Fig.  7(b).  Note  that  the  sizes  of  the 
dark  spots  in  the  optical  image  are  comparable  to 
that  of  the  acoustic  micrograph.  We  have  also  ob- 
served that  the  acoustic  attenuation  associated 
with  the  voids  or  the  debonds  are  greater  than  35 
db.  Finally,  it  should  be  noted  that  the  scanning 
laser  acoustic  microscope  (SLAM)  ^ had  also  been 
employed  to  examine  the  ceramic  chip-capacitors.  8 

CONCLUSION 

We  have  demonstrated  that  a scanning  acoustic 
microscope,  operating  at  transmission  mode  and  150 
MHz,  is  capable  of  nondestructively  detecting  de- 
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Fig.  1 Block  diagram  of  a transmission  scan 
ning  acoustic  microscope. 
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Fig.  4(a)  Top  view  of  the  production-line 
power  transistor  under  study 
(thickness:  58  mils) 

(b)  Cross-sectional  sketch  of  the 
power  transistor 

(c)  Acoustic  amplitude  images  of  a 
portion  of  the  power  transistor 
obtained  with  acoustic  beam  fo- 
cused at  the  silicon  alloy  inter- 
face 

(d)  Acoustic  phase  variation  (upper 
curve)  and  acoustic  amplitude 
variaition  (lower  curve)  along 
line  C-D  of  Fig.  4(c) 
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Fig.  5(a)  Top  view  of  the  thick-film  cir- 
cuit (thickness:  44  mils) 

(b)  Crossectional  view  obtained  by 
optical  microscope 

(c)  Acoustic  amplitude  variation 
along  line  EQF 


Fig.  6(a)  Top  view  of  thin-film  chip  resis- 
tor (thickness:  19  mils) 

(b)  Acoustic  Micrograph 

(c)  Acoustic  amplitude  variation  along 
line  EF 
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ULTRASONIC  EVALUATION  OF  ADHESIVE  BOND  STRENGTH 
USING  SPECTROSCOPIC  TECHNIQUES 


F.  H.  Chang,  R.  A.  Kline  and  J.  R.  Bell 
General  Dynamics 
Fort  Worth  Division 
Fort  Worth,  Texas  76101 

ABSTRACT 


In  this  program  statistical  analysis  of  ul trasonical ly  determined  parameters  was  used  to  identify  the 
features  of  acoustic  wave  propagation  in  adhesively  bonded  structures  which  could  be  used  to  determine 
adhesive  bond  strength.  The  parameters  associated  with  the  interaction  of  ultrasonic  waves  with  the 
adhesive-aluminum  interfaces  and  adhesive  interlayer  which  were  investigated  included  bondline  transit 
time,  amplitude  ratios  of  reflections  from  the  various  interfaces,  frequency  dependent  attenuation  and 
spectral  resonance  characteristics.  Aluminum  specimens  with  both  etched  and  as-received  surface  prepara- 
tion were  studied.  The  capabilities  of  the  Fokker  bondtester  for  adhesive  strength  determination  were 
also  assessed.  Adaptive  learning  techniques  were  used  to  statistically  examine  correlation  between  the 
observed  acoustic  properties  and  shear  strength  for  394  specimens. 


INTRODUCTION 


DATA  PROCESSING 


Adhesively  bonded  structures  offer  many  at- 
tractive features  in  the  design  of  modern  air- 
craft. However,  the  utilization  of  these  mate- 
rials has  been  slowed  by  the  inability  to  nondes- 
tructively  evaluate  adhesive  bond  strength.  Much 
of  the  problem  in  ultrasonic  NOT  methods  stems 
from  the  difficulty  in  distinguishing  changes  in 
acoustic  wave  propagation  in  poorly  bonded 
regions,  where  the  adhesive  and  adherend  are  in 
intimate  contact  but  interfacial  strength  is  low, 
and  well  bonded  r.>qions  with  high  interfacial 
strength.  A NOT  methodology  which  is  sensitive  to 
adhesive  bond  strength  must  be  developed. 

In  this  program  spectroscopic  techniques  were 
used  to  study  a variety  of  sonic  wave  propagat' -n 
features  in  adhesively  bonded  structures.  In  ad- 
dition to  quantifying  the  spectral  response  of  the 
specimens,  other  acoustic  parameters  characteriz- 
ing bondline  properties  were  also  determined  in- 
cluding travel  time  through  the  adhesive  and  the 
relative  amplitudes  of  the  reflected  waves  from 
the  various  interfaces  present.  Subsequent  to  ul- 
trasonic investigation,  the  specimens  were  mechan- 
ically tested  to  failure.  The  measurements  were 
then  analyzed  to  assess  the  potential  of  the  ul- 
trasonic parameters  investigated  for  adhesive  bond 
strength  determination. 

EXPERIMENTAL  PROCEDURE 


For  ultrasonic  testing  adhesively  bonded 
strips  (Fig.  la)  were  immersed  in  water  and  exam- 
ined with  a 10  MHz  transducer  operated  in  the 
pulse-echo  mode.  In  this  investigation  the  use  or 
omission  of  proper  surface  treatment,  (MEK  de-  * 
greasing,  FPL  etching)  of  the  aluminum  (2024-T81) 
prior  to  bonding  with  Reliabond  393  adhesive,  was' 
used  to  simulate  bond  strength  extremes.  Ultra- 
sonic readings  were  taken  at  0.5  inch  intervals 
along  the  length  of  the  specimen  with  digitization 
of  the  rf  waveform  and  calculation  of  its  Fourier 
transform  for  each  position.  The  data  processing 
system  is  illustrated  in  Fig  2.  After  this  por- 
tion of  the  investigation  was  completed,  the 
strips  were  machined  in  a single  lap  shear  config- 
uration (Fig.  lb)  and  tested  to  failure. 


Acoustic  wave  propagation  in  these  laminated 
structures  is  shown  in  Fig.  3.  From  the  digitized 
RF  waveform  and  its  Fourier  transform,  a number  of 
parameters  characterizing  specimen  response  could 
be  determined  (Fig.  4); 

1.  t - The  time  required  for  snund  waves 
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to  traverse  the  adhesive. 

The  ratio  of  amplitudes  for  the 
reflected  waves  Aj  and  A2. 

Similar  to  ARj  except  for  A^ 
and  A3. 

The  maximum  amplitude  observed 
in  the  Fourier  transform  of  the  RF 
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The  frequency  at  which  the 
maximum  amplitude  (b2)  was  ob- 
served. 

The  half  bandwidth  associafed  with 
the  anti -resonance  of  Aj  and 
A2- 

The  frequency  associated  with  the 
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The  anti -resonance  depth. 


* Denotes  parameter  where  spectral  asymnetry  re- 
quired measurement  on  both  the  low  and  high 
frequency  sides  of  the  anti -resonance  fre- 
quency. 

ULTRASONIC  ATTENTUATION/FOKKER  BOND  TESTER 


In  addition  to  the  amplitude  ratio  calculated 
from  the  digitized  rf  waveform,  the  frequency  de- 
pendence of  the  reflected  waves  Aj  and  A2 
could  also  be  determined  from  the  Fourier  trans- 
forms of  the  two  signals.  Logg  (AR^)'!,  in- 
dicative of  the  ultrasonic  attenuation,  is  sliown 
as  a function  of  frequency  in  Fig.  5a  for  speci- 
mens with  treated  and  untreatec* surfaces  and  of 
identical  bondline  thickness.  Other  than  the  gen- 
eral amplitude  reduction  (also  shown  in  ARj  cal- 
culated from  the  digitized  signal)  no  dramatic 
difference  in  specimen  response  was  observed  for 
the  two  surface  preparations.  The  bonded  lami- 
nates were  also  studied  with  the  Fokker  bond- 
tester,  a spectroscopic  device  with  the  ability  to 
detect  gross  changes  in  the  resonance  characteris- 
tics of  a piezoelectric  probe.  No  spectral  change 
could  be  discerned  for  the  two  sample  prepara- 
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ULTRASONIC  MEASUREMFNT  OF  INTFRFACIAL  PROPERTIES 
IN  COMPLETED  ADHESIVE  BONDS 


r 


G.  A.  Alers,  R.  K.  Elsley,  J.  M.  Richardson  and  K.  Fertig 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 

ABSTRACT 


The  problem  of  detecting  weak  adhesion  in  completed  adhesive  bonds  can  be  considered  a problem  in 
measuring  the  effective  acoustic  impedance  of  a thin  layer  at  the  adherend  to  adhesive  interface.  By 
calculating  the  ultrasonic  reflection  coefficient  of  the  entire  sandwich  structure  as  a function  of 
freguency  including  an  interfacial  layer,  it  can  be  shown  that  quite  obvious  changes  in  the  reflection 
spectrum  can  be  produced  by  minor  changes  in  the  properties  of  the  thin  layer.  The  inverse  problem  of 
deducing  the  properties  of  the  thin  layer  from  experimental  measurements  is  more  difficult  because  of 
the  sensitivity  of  the  results  to  small  experimental  errors  in  the  data.  However,  special  procedures 
based  on  estimation  theory  are  being  developed  for  use  on  actual  ultrasonic  data  obtained  from  specimens 
with  both  optimum  and  degraded  adhesive  bonds.  Once  the  elastic  properties  of  the  interfacial  layer  have 
been  deduced  from  ultrasonic  or  other  nondestructive  measurements,  they  can  be  used  to  infer  the  physical 
state  of  the  material  at  the  interface.  Models  that  relate  the  physical  state  of  polymers  to  their 
failure  probability  such  as  that  being  developed  by  D.  H.  Kaelble  can  then  be  used  to  predict  the  strength 
and  reliability  of  the  adhesive  bond. 


of  the  adhesive  layer  as  well  as  the  unknown  in- 
terfacial layer  from  the  time  domain  echo  train 
reflected  by  the  adhesive  layer  alone.  It  has 
been  found  very  valuable  to  use  two  transducers  in 
order  to  provide  the  inversion  process  with  two 
waveforms  taken  from  each  side  of  the  bond  at  the 
same  location.  The  :esults  of  an  inversion  of 
some  theoretical  wave  form  data  in  which  the 
interface  layer  had  an  average  impedance  equal  to 
one  quarter  of  the  adhesive  layer  is  shown  in  the 
table. 

Comparison  with  Experiment 

In  order  to  determine  how  well  the  ultrasonic 
measurements  can  predict  adhesive  bond  strength, 
it  was  necessary  to  construct  a series  of  speci- 
mens with  weak  adhesion  between  one  aluminum  plate 
and  the  adhesive.  Poster  5 shows  Probability  of 
Failure  type  graphs  for  the  two  modes  of  failure 
available  to  adhesive  bonds  (peel  failure  and 
shear  failure)  for  five  different  surface  prepara- 
tions. Those  specimens  which  showed  the  least 
variation  in  bond  line  thickness  and  the  greatest 
strength  difference  were  the  compression  shear 
specimens  prepared  with  an  FPL  etch  and  with  no 
surface  preparation.  Poster  6 (upper  right)  shows 
how  measuremen's  of  the  resonances  at  and  near  the 
bond  line  resonance  were  used  to  define  the  bond 
line  thickness  and  how  this  thickness  was  used  to 
define  a predicted  location  of  the  Dumbbell  reso- 
nance. The  deviation  between  the  predicted  reso- 
nance, F[),  and  the  measured  resonance,  F^, 
provides  a parameter  that  should  correlate  with 
the  condition  of  the  interfacial  layer  and  hence 
the  strength  of  the  bond.  In  the  lower  left  hand 
part  of  Poster  6,  a cumulative  distribution  graph 
displaying  the  percentage  of  specimens  which  ex- 
hibited a value  for  the  (Fm  - Fq)  parameter 
that  was  less  than  the  value  plotted  on  the  ab- 
scissa is  shown  for  the  two  types  of  surface  pre- 
parations. Obviously,  the  (Fh  - Fp)  parameter 
(after  correction  for  the  bond  line  thickness)  ap- 
pears to  correlate  with  bond  strength  but  the  dis- 
tribution in  values  of  strength  and  (F^  - Fp) 


APPROACH 

Posters  1 and  2 describe  the  general  strategy 
and  the  specific  approach  being  used  here  to  ob- 
tain a nondestructive  method  for  predicting  the 
strength  of  a completed  adhesive  bond.  Although 
the  optimum  method  of  developing  a quantitative 
NOE  tool  depends  upon  a knowledge  of  the  mechanism 
of  failure  and  utilization  of  an  NDE  tool  appro- 
priate to  that  mechanism,  the  present  approach 
combines  two  new  developments  in  an  attempt  to 
produce  a semi-empirical  technique  for  making  a 
strength  prediction.  These  two  developments  are 
the  use  of  an  on-line  computer  to  perform  a de- 
tailed analysis  of  the  ultrasonic  waveforms  and  a 
newly  developed  molecular  theory  of  polymer  relia- 
bility! to  relate  the  computer  output  to  a gen- 
eral mathematical  model  that  describes  mechanical 
failure  in  polymers.  The  experimental  data  is  in 
the  form  of  broad  band  (short  time  duration) 
ultrasonic  pulses  reflected  from  the  various 
planar  interfaces  within  the  adhesive  bond  as 
shown  in  the  Theoretical  Time  Domain  Response 
graph.  When  this  entire  train  or  echoe;  is 
Fourier  transformed,  the  Frequency  Domain  graph  is 
obtained  which  shows  many  sharp  minima  in  the  re- 
flectivity at  frequencies  corresponding  to  stand- 
ing wave  modes  of  vibration  in  each  of  the 
individual  layers  of  the  bond. 

Mathematical  Basis 

Since  a rigorous  mathematical  description  of 
the  reflection  of  ultrasonic  waves  by  a layered 
medium  exists, 2 it  is  easy  to  model  a weak  adhe- 
sive-to-inetal  joint  by  a thin  layer  of  unknown 
material  at  the  interface.  In  the  parametric  ap- 
proach shown  on  Poster  3,  the  acoustic  impedance 
of  the  layer  was  varied  and  the  changes  in  the 
frequency  domain  presentation  were  noted  to  deter- 
mine empirically  what  features  in  the  spectrum 
were  most  likely  to  be  good  candidates  for  corre- 
lating with  bond  strength.  In  the  inversion  ap- 
proach, shown  on  Poster  4,  the  techniques  of  esti- 
mation theory  were  used  to  deduce  the  properties 
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parameters  for  the  specimens  tested  overlap  one 
another. 

CONCLUSIONS 

1.  Parametric  studies  of  the  effect  o(  a 
thin  interface  layer  at  the  metal  to  adhesive 
joint  show  that  certain  resonant  frequencies  and 
relative  depths  of  minima  in  the  reflectivity  can 
be  used  to  infer  the  interface  properties. 

2.  The  inverse  problem  of  deducing  the  im- 
pedance of  an  interfacial  layer  from  the  time  do- 
main reflectivity  of  the  total  adhesive  layer  can 
be  used  for  characterizing  the  Interface  in  weak 
bonds. 

J.  Special  procedures  must  be  employed  to 
correct  the  ultrasonic  measurements  for  the  local 
thickness  of  the  bond  line. 


4.  An  enperimental  correlation  between 
measurements  of  bond  strength  and  the  resonant 
frequency  of  the  Dumbbell  mode  was  observed  on  a 
set  of  specimens  for  which  a bond  line  thickness 
correction  could  be  made. 
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OOANTITATIVl  NOC  Am.lES  MATHCMATICAL  MOOCCSOr  IHt  INTEMACTION  •( TWEEN  AN 
NOE  eno»E  ANO  THE  MECHANKM  Of  f AICUNE  TO  fWEOICT  STRENOTH  AND  RELIAWIITY 


QUANTITATIVE  NDE 
APPLIED  TO 
GENERAL  PROBLEMS 


QUANTITATIVE  NDE 
APPLIED  TO 
ADHESIVE  BONDS 


MEAIUREMENT  TECHNIQUE t TO  BE  UHO  IN  THE  DE  TERMINATION 
Of  THE  STRENOTH  Of  AOHESIVE  RONDS 


Poster  1 Block  diagram  comparing  the  approach  used  for  general  problems 
in  quantitative  NDE  with  the  specific  approach  used  here  on 
adhesive  bonds  where  new  computer  methods  and  molecular  theories 
of  polymer  reliability  have  recently  become  available. 
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HOW  DOES  A THIN  LAYER  AT  THE  METAL  TO  ADHESIVE  INTERFACE  MODIFY  THE  FREQUENCY 
DEPENDENCE  OF  THE  ULTRASONIC  REFLECTIVITY? 


EFFECT  OF  CHANGES  IN  METAL  ADHESIVE 
ULTRASONIC  REFLECTIVITY 


INTERFACE  ON  FREQUENCY  DEPENDENCE  OF 
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ACOUSTfC  iMTfOANCt 
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THE  PRESENCE  OF  AN  INTERFACIAL  LAYER  WHOSE  IMPEDANCE  IS  EQUIVALENT 
TO  A LAYER  OF  THICKNESS  10%  OF  THE  ADHESIVE  THICKNESS  WITH  AN  IMPEDANCE 
60%  LOWER  THAN  THE  ADHESIVE  IMPEDANCE  MAKES  A CLEAR  QUALITATIVE 
DIFFERENCE  IN  THE  REFLECTIVITY  SPECTRUM. 


Poster  3 Diagram  of  a model  adhesive  bond  between  two  aluminum  plates 
in  which  one  interface  is  weak  and  described  by  a thin  layer 
with  an  impedance  lower  than  that  of  the  bulk  adhesive. 
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fSTtMATIOM  THEORY  CAN  BE  USED  TO  DEDUCE  THE  ACOUSTIC  IMPEDANCE  OF  AN 
INTERFACIAL  LAYER 


I 

I 


i 


Poster  4 Synthetic  time  domain  echos  from  the  adhesive 
layer  as  detected  by  two  transducers  on  each 
side  of  the  bonded  structure  were  used  to  es- 
timate the  values  of  the  transit  time  and 
acoustic  impedance  of  both  the  adhesive  layer 
and  the  interface  layer. 


• THE  STRENGTH  OF  AN  ADHESIVE  BOND  IS  MEASURED  BY  TWO  SEPARATE 
AND  DISTINCT  MODES:  PEEL  STRENGTH  AND  SHEAR  STRENGTH 

• EACH  MODE  RESPONDS  DIFFERENTLY  TO  CHANGES  IN  THE  METAL  TO 
ADHESIVE  INTERFACE  CONDITION 


MODIFICATIONS  OF  THE  METAL  INTERFACE  USED  TO  PRODUCE  SPECIMENS  WITH  DIFFERENT  ADHESIVE  BOND  STRENGTHS 

A.  PHOSHORIC  ACID  ANODIZE  D ANODIZE  AND  MECHANICALLY  RUB 

B.  FPL  ETCH  E.  FPL  ETCH  AND  CONTAMINATE 

C.  NO  SURFACE  PREPARATION 


Poster  5 Cumulative  distribution  functions  for  both  peel  and  shear 
strengths  that  were  observed  on  spectmens  with  one  alumi- 
num plate  surface  prepared  in  a manner  indicated  by  the 
letter  designations.  (The  opposite  aluminum  plate  sur- 
face was  prepared  by  an  optimum  FPL  etch.) 
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ULTRASONIC  MEASURLMENTS  CAN  DISTINGUISH  BETWEEN  SPECIMENS  WITH  DIFFERENT  INTERFACIAL  STRENGTHS 


Poster  6 Detailed  analysis  of  specimens  showing  the  maximum 
degradation  of  shear  strength  due  to  the  aluminum 
surface  preparation.  The  method  of  using  the  bond 
line  resonance  to  define  the  bond  line  thickness 
and  then  using  that  thickness  to  define  the  expected 
dumbbell  resonance  frequency  is  outlined  in  the 
upper  right.  The  ability  of  the  parameter  (fu-Fri)  to 
segregate  the  specimens  into  the  weak  and  strong^groups 
is  shown  in  the  lower  right. 


CHARACTERIZATIUN  OF  DEFECTS  IN  ADHESIVE  BONDS 
BY  ADAPTIVE  LEARNING  NETWORKS 


A.  N.  rtucciardi 
Adaptronics,  Inc. 

McTean,  Virginia 

R.  K.  Elsley 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 

ABSTRACT 

Broadband  ultrasonic  pulses  reflected  from  adhesively  bonded  structures  have  been  used  to  train  adap- 
tive learning  networks  (ALN)  to  identify  flawed  regions  of  these  structures.  The  goal  is  to  identify  four 
different  types  of  flaws. 


The  steps  involved  in  making  a flaw  decision 
(Fig.  1)  include  extracting  a set  of  features  from 
the  measured  waveforms,  processing  of  these 
features  by  a set  of  ALN's  and  then  using  a 
decision  scheme  to  combine  the  results  of  the 
various  ALN's. 

Four  sample  geometries  containing  built-in 
flaws  were  studied  (Fig.  2).  Normal  incidence 
pulse  echo  measuranents  were  made  using  a 
broadband  15  MHz  transducer.  Measurements  were 
performed  in  a water  bath  with  conventional 


transducers.  The  data  was  processed  digitally 
(Fig.  3).  Fig.  4 (right  side)  shows  how  the 
properties  of  the  transducer  can  be  removed  from 
each  waveform  by  "self-normalization." 

RF  waveforms  from  flawed  specimens  often  show 
dramatic  effects,  such  as  the  "quiet  zone"  in  the 
disbonded  sample  shown  in  Fig.  4 (left  side). 

The  current  results  (Fig  5)  show  good 
separation  of  the  flawed  specimens  from  unflawed 
and  slightly  flawed  ones. 


MvriMtu  Utu  iM  PrrrMw 
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Fig.  1 Steps  in  the  signal  processing  include 
feature  extraction,  ALN's  and  decision 
maki ng. 
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Fig.  2 Four  sample  geometries  containing  built-in 
flaws  were  studied. 
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Measurements  were  performed  In  a water 
bath  wHh  conventional  transducers.  The 
data  was  processed  digitally. 


Kr  waveforms  from  flawed  specimens  often 
show  dramatic  effects;  the  properties  of 
the  transducer  can  be  removed  from  each 
waveform  by  "self-normal Itation". 
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ABSTRACT 

A1  7075-T6  samples  have  been  surface  treated  by  the  phospheric  acid  anodize  (PAA)  and  by  the  standard 
FPL  etch  for  comparison.  These  samples  were  then  deliberately  contaminated,  bonded  and  given  lap  shear 
or  wedge  ehdurance  tests  to  discover  the  effect  of  the  contamination.  The  results  indicate  that  the  PAA 
surface  is  very  forgiving  of  certain  types  of  contamination  but  not  others.  The  FPL  etch  surface  is  sen- 
sitive to  even  a monolayer  of  contamination.  Our  NDI  surface  contamination  automatic  mapping  facility 
can  detect  contamination  well  below  the  level  that  significantly  degrades  the  adhesive  joints. 


INTRODUCTION 

It  has  been  established  in  a previous  report' 
that  our  surface  tools,  el  1 ipsometry,  surface 
potential  difference  (SPO),  and  water  contact 
angle  (Nh-q)  i^^n  be  used  to  detect  contamination 
on  PAA  surfaces.  The  ellipsometer  was  found  to  be 
especially  useful  because  it  could  detect  all 
forms  of  contamination,  process  errors  and  hand- 
ling damage.  An  automatic  computer  operated  map- 
ping facility  was  used  to  demonstrate  that  contam- 
ination can  be  located  and  a warning  given  if  a 
panel  was  improper  prior  to  adhesive  layup. 

The  purpose  of  the  present  research  is  to  es- 
tablish the  levels  of  contamination  that  signifi- 
cantly degrade  adhesive  joints  between  A1  7075-16 
and  FM  73  adhesive,  and  demonstrate  our  ability  to 
detect  and  map  contamination  below  these  levels. 

Procedure 


Panels  of  A1  7075-T6  were  anodized,  contami- 
nated to  various  levels  in  a controlled  manner, 
then  mapped  for  contamination.  This  panel  was 
then  bonded  to  an  uncontaminated  panel  and  cut  up 
for  lap  shear  or  wedge  tests.  Correlatiohs  were 
then  made  between  the  contamination  maps  and  the 
bohd  strength  or  crack  growth,  as  a function  of 
contamination  level. 

Comparison  of  PAA  with  FPL  etch 


Figure  1 is  a plot  of  water  contact  angle  vs 
stearic  acid  contamination  thickness  on  FPL  etcTied 
and  PAA  samples.  A monolayer  or  so  of  stearic 
acid  Increases  ^htO  >100°  for  the  FPL 
etched  samples.  The  contact  angle  on  PAA  surfaces 
Increases,  but  not  as  rapidly  as  for  the  FPL 
etch.  Figure  i!  shows  that  low  levels  of  stearic 
contamination  on  FPL  etch  samples  decreases  the 
lap  shear  bond  strength  drastically,  whereas  the 
PAA  surface  maintains  high  lap  shear  values  (4600 
to  6500  psi)  even  up  to  3000&  contamination. 

Effect  of  Contamination  Type 

Figures  3 and  4 are  water  contact  angle  and 
lap  shear  bond  strength  vs  contamination  thickness 
for  lubricating  oil  and  sTi leone  grease  on  PAA 
surfaces.  The  PAA  surface  can  accomnodate  much 
more  oil  than  silicone  grease  for  the  same  in- 
crease in  Figure  4 indicates  that  a small 

amount  ('v^OOXl  of  oil  or  silicone  grease  actually 
Increases  the  lap  shear  bond  strength.  Beyond 
ZOOM  the  laboratory  oil  has  little  effect  on  the 


bond  strength  whereas  the  silicone  grease 
drastically  decreases  the  bond  strength. 

Mechanisms 

Explanations  for  the  behavior  of  the  PAA  and 
FPL  surfaces  toward  contamination  can  be  obtained 
from  the  models  in  Figs.  5 and  6.  Figure  5 shows 
a schematic  representation  of  the  cross  section  of 
a FPL  etched  aluminum  surface.  This  model  was  de- 
rived from  SEM,  TEM  and  el  1 ipsometr ic  measure- 
ments.2 The  FPL  etched  surface  is  highly  pit- 
ted. Ihe  pits  are  of  the  order  of  lOiim  across 
and  have  smaller  pits  within.  The  smaller  pits 
have  still  smaller  pits  of  the  order  of  SOO-IOOOS 
and  ^400S  deep.  The  oxide  film  is  only  vlD0-300S 
thick.  Contamination  films,  a few  monolayers 
thick,  form  a continuous  weak  boundary  layer  on 
the  FPL  etched  surface  and  thus  yields  large  water 
contact  angles  and  weak  adhesive  joints.  Figure  6 
represents  the  phosphoric  acid  anodized  surface. 

The  anodic  film  is  3000-5000S  and  is  made  of  a 
large  density  of  individual  columns  of  aluminum 
hydroxide  with  a large  porous  region  between 
columns.  E 1 1 ipsometry  indicates  the  films  are 
about  ZOl  porous.  Contaminants  are  absorbed  into 
these  pores  and  actually  increase  the  shear 
strength  by  filling  the  voids.  The  adhesive  also 
penetrates  the  pores  and  creates  a strong  mechan- 
ical link  to  the  substrate. 

Experiments  have  shown  that  stearic  acid  and 
lubricating  oil  can  dissolve  into  the  FM  73  epoxy 
adhesive,  so  that  large  amounts  of  contamination 
can  be  acconmodated  without  degrading  the  adhesive 
joint.  On  the  other  hand,  silicone  grease  does 
not  absorb  into  the  FM  73  adhesive  and  therefore 
thick  layers  exceed  the  capacity  of  the  anodic  I 

layer  and  strongly  degrade  the  Joint  strength. 

These  mechanisms  are  consistent  with  the  water 
contact  angle  results  and  with  the  degradation  of 
the  tensile  strength  by  cotton  glove  crushing  dur- 
ing handling.  It  is  our  hypothesis  that  the  indi- 
vidual hydroxide  columns  in  the  PAA  anodic  film 

are  single  crystals  with  large  tensile  strength  .| 

perpendicular  to  the  substrate.  Cotton  glove 

smudge  crushes  these  crystals  and  destroys  their 

tensile  strength.  This  explains  why  the  cotton 

glove  smudge  fails  the  wedge  endurance  tests  (film 

under  tension  in  humid  atmosphere)  but  not  the  lap 

shear  test . 

NOl  Mapping 

Figure  7 shows  a computer  contamination  map 
of  the  ends  of  six  A1  7075-T6  PAA  anodized  samples 


Ll 
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after  controlled  containtnation  with  silicone 
grease.  Sample  6 was  not  contaminated,  the  map  is 
blank  because  the  ellipsometer  signal  was  sup- 
pressed for  this  control  sample.  The  density  of 
dots  on  other  samples  is  proportional  to  the  devi- 
ation of  the  el lipsometric  signal  outside  the  ac- 
ceptance band  of  the  control  (No.  6).  The  contam- 
ination increases  from  samples  1 to  5.  The  con- 
trol sample  had  a lap  shear  strength  of  about 
5300  psi  as  Indicated  by  the  bar  graph  above  the 
map.  bamples  1 and  i!  also  had  bond  strengths 
equal  to  that  of  the  control  even  though  contami- 


nation was  detected.  The  bond  strength  of  sam- 
ples 3,  4 and  5 decreases  as  the  contamination  in- 
creases. These  results  indicate  that  we  have  met 
our  goal  of  detection  of  contaminaton  below  the 
level  that  causes  bond  degradation. 
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Fig. 


Plot  of  contact  angle  vs  contamination  Fig.  3 
thickness. 


Plot  of  contact  angle  vs  contamination 
thickness . 


Fig.  2 Plot  of  bond  strength  vs  contamination  Fig.  4 
thickness. 


Plot  of  bond  strength  vs  contamination 
thickness . 
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Schematic  representation  of  phosphoric 
anodized  A1  7075-T6. 


Schematic  representation  of  FPL  etched 
aluminum  with  ccntamination|three 
magnifications . 


SAMPLE 


Computer  contamination  plot  for 
silicone  grease  on  phosphoric  acid 
anodized  A1  7075-T6.  Bars  indicate 
relative  lap  shear  bond  strengths. 
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MOISTURE  DIFFUSION  ANALYSIS  FOR  COMPOSITE  MICRODAMAGE 


C.  L.  Leung  and  D.  H.  Kaelble 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 

ABSTRACT 

The  absorption  of  moisture  Into  fibrous  polymeric  meterlals  has  been  recognized  as  one  of  the  major 
mechanisms  In  the  strength  degradation  of  such  materials  as  reported  by  several  workshops  (1-3)  and  publi- 
cations (4-7).  The  objective  of  the  work  reported  here  Is  to  use  nondestructive  evaluation  (NOE)  tech- 
niques to  determine  the  moisture  content  (profile)  within  a composite  by  measuring  the  moisture  diffusion 
rate  and  then  subjecting  the  data  to  a statistical  estimation  analysis.  This  reveals  the  location  of 
structural  degradation  and  provides  a sensitive  Inspection  method  for  the  serviceability  of  composites. 

Hydrothermal  aging  effects  on  cured  graphite-epoxy  composites  were  determined  using:  (1)  acoustic 
attenuation,  o,  , (2)  ultrasonic  velocity,  c.  , and  (3)  thickness  measurements  of  the  composites.  Results 
showed  that  while  ultrasonic  acoustic  properties,  sample  thickness  and  moisture  diffusion  profiles  are 
highly  sensitive  to  structural  degradation,  ultrasonic  Inspection  becomes  Insensitive  In  areas  of  exten- 
sive Internal  damage,  probably  due  to  high  acoustic  attenuation  which  results  In  loss  of  signals.  Mois- 
ture diffusion  analysis  (MDA),  In  this  case,  becomes  highly  sensitive  as  a quantitative  detection  tool. 
Presently,  analytical  methods  are  developed  to  quantify  the  depth  profile  of  moisture  penetration  In 
graphite-epoxy  composites.  Measurement  of  effusion  kinetics  over  a range  of  time  Intervals  followed  by 
application  of  statistical  estimation  theory  enables  the  depth  concentration  of  moisture  at  Initial  time 
t-0  to  be  calculated.  For  a particular  model  In  which  the  sample  Is  assumed  to  be  exposed  to  periodically 
changing  environments,  the  model  predicts  large  fluctuations  In  moisture  concentration  near  the  surfaces 
while  the  Interior  concentration  Is  relatively  constant. 


Moisture  evolution  from  the  composite  samples 
are  measured  by  the  DuPont  Moisture  Evolution 
Analyzer  (Model  902H)  as  shown  below.  The 
simplified  block  diagram  shows  the  general  theory 
of  operation.  The  sample  to  be  analyzed  Is  weighed 
and  placed  In  the  oven.  Moisture  in  the  sample  Is 
vaporized,  transported  by  the  dry  carrier  gas  to 
the  electrolytic  cell  which  Is  coated  with  a thin 
film  of  phosphorus  pentoxide,  and  Is  absorbed  by 
the  P2O5.  Electrolysis  changes  the  water  Into 
oxygen  and  hydrogen,  regenerating  the  P2O5.  The 
current  required  (0.132uA  per  molecule  of  H2O)  to 
regenerate  the  P2O5  Is  Integrated  and  displayed  as 
total  moisture  content  In  micrograms.  A strip- 
chart  recorder  can  also  be  attached  to  measure  the 
rate  of  moisture  release  as  a function  of  time. 


The  sample  cell  provided  with  the  Instrument 
Is  not  suitable  for  large  specimens.  Therefore, 
external  sample  cells  have  been  devised  to 
accommodate  bar  specimens  (sleeve  type  cell)  and 
plate  specimens  (face  plate  cells).  To  facilitate 
data  collection  and  analysis,  the  Analyzer  has 
been  Interphased  with  a mini-computer  via  a 
analog-to-digital  converter.  Thus  temperature, 
moisture  evolution  rate  and  moisture  content  can 
be  recorded  automatically,  then  either  stored  or 
displayed.  In  conjunction  with  the  external 
sample  cells,  the  unit  can  be  portable  and 
suitable  for  field  Inspections. 

The  moisture  Evolution  Analyzer  measuresthe 
moisture  release  rate,  Jm.  as  a function  of  time. 


rnrAlia 
■ Alt 


Fig.  1.  Schematic  block  diagram  of  DuPont  moisture 
evaluation  analyzer. 


Fig.  2.  Front  view  of  Du  Pont  moisture  evaluation 
analyzer. 
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F'9.  J.  Cross-section  of  sampling  cell  design. 
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Fig.  4.  Schematic  block  diagram  of  DuPont  moisture 
evaluation  analyzer  modified  for  computer- 
ized data  acquisition  and  analysis. 


The  moisture  Evolution  Analyzer  measures  the 
moisture  release  rate,  J^,  as  a function  of  time. 

The  Analytical  problem  Is  then  to  calculate  the 
Initial  time,  t*0,  moisture  concentration  profile 
from  the  time  history  of  effusion  rate  measurements, 
applying  statistical  estimation  theory  to  this  anal- 
ysis. The  process  Is  represented  schematically  In 
the  following  diagram.  The  values  of  C°(x),  when 
plotted  as  a function  of  x,  gives  the  moisture  pro- 
file of  the  material  with  the  corresponding  set  of 
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The  three  accompanying  graphs  Illustrate  the 
accuracy  of  the  estimator.  Starting  with  a fully 
saturated  material  of  known  dimensions  and  diffu- 
sion coefficients,  according  to  Ficklan  diffusion 
would  have  moisture  distribution  profiles  represent- 
ed by  the  solid  lines,  after  20,  100  and  2000  min- 
utes of  desorption. 

After  each  time  Interval,  a set  of  moisture  re- 
lease rates,  0,^,  can  be  obtained  from  Fick's  Law. 

The  Inversion  of  each  set  of  through  the  Estima- 
tor would  give  the  moisture  profile  of  the  material 
responsible  for  that  set  of  moisture  release  rate. 
These  estimated  solutions  are  denoted  by  the  dotted 
lines  In  the  graphs.  It  can  be  ssen  that  the  esti- 
mated profile  agrees  very  well  with  the  Ficklan 
direct  solution,  thus  verifying  the  Estimator  model. 
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Fig.  6.  Estimated  moisture  concentration  profile 
for  a saturated  composite,  after  20 
minutes  of  desorption. 
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Fig.  7.  Estimated  moisture  concentration  profile 
for  a saturated  composite,  after  100 
minutes  of  desorption. 


Fig.  b.  Schematic  representation  of  the  estimation 
process. 
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Fig.  8.  Estimated  moisture  concentration  profile 
for  a saturated  composite,  after  2000 
minutes  of  desorption. 


The  Estimator  model  can  also  be  used  In  simu- 
lated actual  use  conditions.  In  this  case,  the 
material  Is  allowed  to  absorb  moisture  for  20  or 
100  minutes,  and  then  dried  for  various  amounts  of 
time.  This  would  be  a dry-wet-dry  cycle.  As  shown 
In  the  following  graphs,  the  Estimator,  taking  the 
effusion  rate  values,  generates  moisture  profiles 
closely  correlated  to  the  direct  Ficklan  solutions. 


Fig.  y.  Estimated  moisture  concentration  profile 
of  an  Initially  dry  composite,  after  20 
minutes  of  absorption  and  various  times 
of  desorption. 


Fig.  10.  Estimated  moisture  concentration  profiles 
of  an  Initially  dry  composite,  after  loO 
minutes  of  absorption  and  various  times 
of  desorption. 

In  a real  experiment  using  the  Moisture  Evo- 
lution Analyzer,  the  time  span  the  experiment  Is 
allowed  to  run  strongly  Influences  the  accuracy  of 
the  estimating  Inversion  process.  The  larger  the 
set  of  times,  the  better  the  estimation.  This  Is 
Illustrated  by  the  following  figures  showing  the 
moisture  content  as  a function  of  exposure  time. 
Taking  the  reduced  time,  t • Ot/t’,  for  a typical 
0.5  cm  thick  composite,  to  completely  dry  off  the 
saturated  material  would  require  about  5000  minutes. 
A smaller  set  of  times  would  give  a low  moisture 
profile  at  the  sample  core  by  the  Estimator. 


Fig.  11.  Calculated  moisture  profile  as  a function 
of  reduced  time  of  absorption. 


Fig.  IZ.  Degree  of  moisture  saturation  at  various 
reduced  times. 
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Th«  first  figurt  shows  tho  srrsngcMnt  for  va- 
riable Moisture  exposure  of  the  coMposIte  (Fiberlte 
934/T300)  aged  for  about  a year.  Four  zones  are 
obtained  on  the  sawple  bar:  exposure  to  ambient 
condition,  sealed  from  ambient  environment,  expo- 
sure to  water  vapor  and  exposure  to  water  Immersion. 


Fig.  13.  Schematic  of  variable  moisture  exposure 
of  composite  (Fiberlte  V34/T300) 


The  extent  of  microdegradation  of  the  composite 
bar  due  to  moisture  exposure  along  the  length  Is 
characterized  by  ultrasonics  (acoustic  attenuation 
and  ultrasonic  velocity)  through  the  thickness  of 
the  bar.  Deformation  In  the  physical  dimension 
(width  and  thickness)  can  also  be  detected.  It  Is 
seen  that  In  areas  of  high  moisture  penetration, 
thus  causing  high  levels  of  mlcrodegradatlon.  ul- 
trasonics (attenuation,  and  velocity)  are  excellent 
detection  techniques.  The  damaged  zones  also  show 
signs  of  swelling  because  of  water  penetration. 


Fig.  14.  Effects  of  varied  moisture  exposure  on 
the  ultrasonic  velocity  and  attenuation 
of  composite  (Fiberlte  934/T30U) 


Fig.  15.  Effects  of  varied  moisture  exposure  on 
the  width  and  thickness  of  composite 
(Fiberlte  934/T300) 


Sections  of  the  composite  bar  exposed  to  am- 
bient and  water  immersion  conditions  can  be  examined 
by  the  Holsture  Evolution  Analyzer  and  the  moisture 
profile  generated  by  the  Estimator.  A separate 
sample.  Immersed  In  water  for  only  6 hours.  Is  also 
examined.  The  rates  of  moisture  evolution,  as  a 
function  of  time  for  these  samples  are  Illustrated 
In  the  following. 
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Fig.  16.  The  effusion  rate  of  Fiberlte  934/1300 
composite  bar  at  7.5*C. 


Fig.  18.  istlmated  moisture  profile  of  exposed 
section  of  composite  bar  Fiberlte 
934/T300. 


Fig.  17.  Estimated  moisture  profile  of  composite 
bar  after  6 hours  of  water  limierslon. 


MA. 


The  moisture  profiles  of  these  samples  are  Fig.  19.  Estimated  moisture  profile  of  Imnersed 

given  In  the  following  figures.  The  amount  of  section  of  composite  bar  Fiberlte  934/ 

moisture.  In  micrograms,  agrees  very  well  with  T300. 

weighing  determinations.  One  limiting  factor  Is 
that  the  time  duration  of  the  effusion  experiment 
Is  not  long  enough  to  provide  a good  estimation  for 
the  core  of  the  samples. 

An  enlarged  view  of  the  cross-section  of  the 

For  the  saturated  sample,  there  are  two  dips  Fiberlte  934/T300  used  In  this  experiment  shw 

In  the  moisture  profile,  at  x/L  • 0.1  and  0.9.  The  Uvers  of  voids  In  the  Interlaminar 

J « time  curve  for  this  sample  also  shows  a hump.  faulty  layer-up  manufacture.  This  Is  shown 

These  anomalies  are  due  to  defects  In  the  composite,  . following  photographs, 
as  shown  below.  ' 
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ACOUSTIC  EMISSION  IN  COMPOSITES  USING  MPA 


L.  J.  Graham 

Rockwell  Internationa)  Science  Center 
Thousand  Oaks,  California  91360 


ABSTRACT 

The  purpose  of  this  study  is  to  try  to  determine  the  current  mechanical  state  of  a composite  speci- 
men (or  structure)  and  predict  its  remaining  lifetime  from  the  characteristics  of  the  acoustic  emission 
(AE)  signals  it  emits  under  load.  In  previous  studies  of  the  characteristics  of  AE  generated  in  graphite- 
epoxy  composites,  empirical  observations  were  made  relating  the  frequency  content  and  the  amplitude  dis- 
tributions of  the  AE  signals  to  singular  points  on  the  loading  curve  of  a specimen  and  to  the  composite's 
moisture  content.  Up  to  now,  these  relationships  have  been  difficult  to  study  systematically  because  of 
limitations  in  efficiently  handling  the  larw  amount  of  data  contained  in  the  emission  signals.  With  the 
Acoustic  Emission  Mul ti -Parameter  Analyzer  (AEMPA)  (developed  under  a Science  Center  IR4D  program),  per- 
tinent information  is  abstracted  from  each  emission  signal  as  it  occurs  during  a test  and  is  stored  in 
compact  digital  form  for  subsequent  data  processing.  Mul ti -parameter  correlation  and  pattern  recognition 
techniques  among  the  23  abstracted  parameters  are  then  used  to  identify  distinct  types  of  AE  events,  and 
various  observations  used  to  identify  the  microscopic  mechanisms  of  flaw  growth  in  the  material  which 
generate  these  different  types.  For  those  geometries  and  load  conditions  which  product  failure  by  a well- 
defined  series  of  mechanistic  steps  (e.g.,  matrix  crazing,  fiber-matrix  Interface  debonding,  fiber  frac- 
ture, interlaminar  fracture),  it  may  be  possible  to  predict  specimen  failure  by  determining  the  relative 
amounts  of  the  various  mechanisms  occurring  at  a given  time  in  the  life  of  the  specimen  from  the  AE  sig- 
nals. Progress  along  these  lines  using  MPA  is  described. 


INTRODUCTION 

For  several  years  broadband  signature  analysis 
of  acoustic  emissions  from  a variety  of  materials 
has  been  attempted,  with  some  success,  at  the 
Science  Center.  This  was  done  by  recording  the 
analog  AE  signals  on  a modified  videocorder  and 
then  manually  making  time  and  frequency  domain 
measurements  on  hundreds  to  thousands  of  the  indi- 
vidual waveforms  to  try  to  extract  features  which 
could  be  related  to  specific  AE  generation  mechan- 
isms. To  make  this  work  easier  and  more  quantita- 
tive, an  Acoustic  Emission  Multi -Parameter  Ana- 
lyzer* was  designed  and  constructed  which  makes  a 
selected  set  of  these  measurements  on  each  AE 
waveform  as  it  occurs.  These  measured  values  are 
stored  in  the  form  of  32  bytes  of  digital  data  per 
event  on  a floppy  disk  for  later  computer  process- 
ing. The  first  use  of  the  AEMPA  system  is  des- 
cribed here. 

EXPERIMENTAL  APPROACH 

The  objectives  and  experimental  approach  for 
this  project  are  outlined  on  the  first  poster.  As 
stated  there,  the  ultimate  objective  is  to  be  able 
to  predict  the  remaining  lifetime  of  a structural 
component  from  the  signature  of  the  AE  generated 
during  a proof  load  of  that  structure  at  any  point 
in  its  service  life.  The  success  of  the  approach 
taken  is  predicated  upon  two  essential  condi- 
tions. The  first  is  that  the  growth  of  the  criti- 
cal flaw  proceeds  by  well-defined,  sequential 
mechanistic  steps.  Substantial  progress  is  being 
made  in  predicting  this  sequence  for  particular 
materials,  geometries  and  loading  conditions  by 
the  stress  analysts.  The  second  condition  is  that 
AE  signatures  for  each  of  the  critical  mechanisms 
are  unique  and  can  be  identified,  which  is  the 
subject  of  the  present  study.  Then,  signature 
analysis  can  tell  what  mechanism,  or  statistical 


*A  mart  complete  description  of  the  AEMPA  system 
can  be  found  elsewhere  in  this  report. 


mix  of  mechanisms,  are  operating  under  the  proof 
load  and,  therefore,  at  what  point  in  the  sequence 
of  steps  in  its  growth  process  the  critical  flaw 
is  at  that  time.  Knowing  the  expected  future 
loading  history,  the  remaining  lifetime  can  then 
be  estimated. 

Four-point  bend  specimens  with  various  orien- 
tations and  geometries,  as  indicated  in  the  first 
poster,  were  used  to  enhance  specific  fracture 
mechanisms,  for  the  same  purpose  specimens  were 
tested  before  exposure  to  moisture  and  after  var- 
ious degrees  of  hydrothermal  aging.  Identifica- 
tion of  the  mechanisms  which  occur  in  each  case, 
although  not  complete  at  present,  is  being  made 
from  visual  observations  and  loading  curves  ob- 
tained during  the  tests  and  SEM  observations. 

TEST  RESULTS 

Background.  Prior  work  showed  two  characteristics 
of  tne  AE  signals  which  could  be  related  to  the 
processes  which  were  occurring  during  fracture  of 
a composite  specimen.  The  shape  of  the  AE  ampli- 
tude distributions,  shown  in  Poster  2,  indicates 
that  more  than  one  process  occurs  simultaneously 
and  each  produces  its  own  distribution  of  AE  am- 
plitudes. Further,  the  process  which  produces  the 
lower  amplitude  emissions  is  enhanced  when  the 
specimen  is  exposed  to  moisture,  and  this  shows  up 
as  a change  in  the  initial  slope  of  the  amplitude 
distribution  curve.  Since  the  ultimate  strength 
of  the  material  is  decreased  by  exposure  to  mois- 
ture, the  initial  slope  of  the  amplitude  distribu- 
tion should  be  a measure  of  that  decrease.  The 
fracture  loads  for  two  sets  of  specimens  of  dif- 
ferent orientations  and  various  amounts  of  mois- 
ture content  plotted  against  the  initial  slope  of 
the  AE  amplitude  distribution  in  Poster  2 show 
this  relationship. 

The  second  distinctive  characteristic  noted 
was  that  the  frequency  spectra  of  individual  AE 
events  were  different  and  the  different  types  oc- 
curred at  definite  points  in  the  loading  history. 
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This  su9g«sted  that  the  different  spectral  types 
were  due  to  different  mechanisms  which  occurred  In 
the  fracture  process  as  the  load  Increased.  Ex- 
amples of  two  different  spectra  are  shown  on 
Poster  2.  Another  comparison  made  In  this  figure 
Is  the  appearance  of  the  frequency  spectral  data 
when  obtained  by  two  methods.  The  AE  signals  from 
graphite-epoxy  specimens  were  recorded  on  a modi- 
fied videotape  recorder  and  then  during  post-test 
analysis  the  two  emission  signals  were  analyzed  by 
playing  them  back  through  a standard  swept  fre- 
quency spectrum  analyzer  (Hewlett  Packard  Model 
141S/8S5JB/3!>5?A)  and  an  X-Y  recording  made  of  the 
spectrum,  and  through  the  AEMPA  system.  The  same 
was  done  for  a region  of  the  electronic  background 
noise  nimied late  1y  preceding  each  of  the  two  emis- 
sion hursts  In  order  to  establish  the  relative  am- 
plitude levels  obtained  by  the  two  methods.  Com- 
parison of  the  discrete  and  continuous  spectral 
data  shows  that  the  two  spectral  types  are  easily 
recognizable  by  either  method.  In  fact  a two 
point  spectral  analysis,  say  at  56  kHz  and 
5o0  kHz,  would  have  been  sufficient  to  separate 
the  two  types  of  emissions  In  this  case. 

The  two  characteristics  of  the  AE  signals 
shown  in  these  figures,  the  amplitude  distribu- 
tions and  the  frequency  spectral  types,  thus  ap- 
pear related  to  the  mechanical  state  of  the  com- 
posite and  might  be  used  to  define  that  state  in  a 
proof -test  of  a structure.  Before  that  can  be 
done,  more  quantitative  relationships  must  be  es- 
tablished between  the  particular  mechanistic  pro- 
cesses and  the  AE  they  produce.  It  should  also  be 
recognized  that  a particular  process  will  produce 
A£  having  a statistical  range  of  characteristics 
(e.g.,  .implitude)  and  that  at  any  given  time  sev- 
eral different  processes  may  be  operative.  There- 
fore, it  must  be  demonstrated  that  the  means  for 
obtaining  quantitative  data  on  the  AE  characteris- 
tics is  available  and,  further,  that  having  these 
data  the  statistical  mix  of  the  various  processes 
can  be  extracted  from  it. 

In  the  past  AE  data  acquisition  systems  com- 
monly have  measured  one  or  two  parameters  of  the 
emission  signals  and  could  display  distributions 
of  those  parameters  (e.g.,  number  distribution 
with  time,  amplitude  distribution).  With  the 
AEMPA  system  several  measurements  are  made  on  each 
AE  event  as  It  occurs  and  23  numbers  are  obtained 
which  describe  that  event  in  terms  of  amplitude, 
timing,  wave  shape  and  frequency  content.  A des- 
cription of  these  23  parameters  is  shown  on 
Poster  2.  Each  event  also  retains  its  individual 
identity  which  provides  the  possibility  for  exten- 
sive post-test  statistical  analyses  on  one  or  more 
parameters  simultaneously  and  on  the  entire  set  or 
on  sub-sets  of  the  emission  signals.  Some  results 
of  such  analyses  for  the  composite  specimens  are 
shown  in  the  following. 

AE  Signatures  in  Composites.  Posters  3 and  4 show 
some  results  toward  *veloping  AE  signatures  for 
the  various  processes  which  occur  during  fracture 
of  the  composite  specimens.  Four  specimen  condi- 
tions are  illustrated,  all  for  the  four-point  bend 
specimen  type  of  Poster  1 having  the  triangular 
reduced  section.  The  conditions  are  that  the  gra- 
phite fibers  (at  the  apex  of  the  triangular  sec- 
tion) are  loaded  in  tension  or  compression  and  the 
specimens  had  never  been  exposed  to  moisture  or 
are  hydrothermal ly  treated  (in  95®C  water)  to 
attain  a saturation  water  uptake.  These  four  con- 


ditions result  in  emphasizing  different  fracture 
processes . 

Each  specimen  was  loaded  through  the  elastic 
region  into  a region  where  fiber  or  matrix  frac- 
ture or  both  occurred,  further  loaded  until  gross 
damage  occurred  from  delamination  (in  tension)  or 
fiber  buckling  (in  compression),  after  which  the 
specimens  were  unloaded.  These  various  regions 
show  up  on  the  load  curves  and  AE  event  rate 
curves  as  has  often  been  seen  in  the  past.  Both 
of  these  parameters  are  difficult  to  interpret 
when  only  a small  portion  of  the  loading  history 
of  a specimen  is  available  for  analysis  (such  as 
in  a proof-test  situation).  Their  interpretation 
requires  a comparison  with  values  at  earlier  times 
in  the  specimen  life  to  establish  trends  in  the 
load  bearing  capacity  or  in  the  magnitude  of  the 
emission  rate. 

The  time  histories  of  the  AE  event  amplitudes 
and  frequency  spectral  types  provide  a fundamen- 
tally different  type  of  information  regarding  the 
fracture  processes  which  are  occurring.  These 
parameters  contain  information  about  the  particu- 
lar process  which  caused  each  event,  presumably, 
and  their  interpretation  requires  no  knowledge  of 
what  happened  at  some  earlier  time  in  the  specimen 
history.  If  this  is  true  then  all  that  is  re- 
quired fpr  interpretation  is  to  obtain  a large 
enough  sample  of  AE  events  during  a short  time  in- 
terval in  the  specimen  life  to  define  the  statis- 
tical nature  of  the  processes,  and  their  quantita- 
tive mix  if  more  than  one  process  is  operating. 

Illustrative  of  this  idea  are  the  frequency 
spectral  type  plots  at  the  bottom  of  Posters  3 
and  4.  Here  a very  simple  measure  of  the  spectral 
type  is  taken  as  the  ratio  of  the  peak  amplitude 
of  the  AE  in  the  56  kHz  filter  band  to  that  at 
560  kHz.  With  reference  to  the  spectra  on 
Poster  2,  a value  of  this  ratio  much  greater  than 
one  indicates  a low  frequency  type  emission,  about 
equal  to  one  a broadband  emission,  and  much  less 
than  one  a high  frequency  type.  For  the  compres- 
sion specimens  this  ratio  is  about  one  for  most  of 
the  emissions  with  a tendency  for  more  high  fre- 
quency events  as  the  test  progresses  and  more 
fibers  fracture  by  buckling.  The  trends  for  the 
tensile  specimens  are  quite  different  with  the 
sudden  occurrence  of  high  frequency  emissions  co- 
inciding with  the  onset  of  tensile  fiber  fracture, 
and  then  low  frequency  emissions  occurring  when 
delamination  starts. 

If  the  occuri-ence  of  these  different  spectral 
types  truly  correspond  to  occurrences  of  the  dif- 
ferent fracture  processes,  as  is  suggested  by 
these  data,  then  a sample  of  AE  events  at  any  time 
in  the  specimen  history  should  define  the  pro- 
cesses going  on  independent)  of  the  past  history. 

An  example  of  this  is  shown  at  the  bottom  of 
Poster  5 where  the  four  frames  show  number  distri- 
butions of  the  "spectral  type"  parameter  for  four 
successive  time  periods  for  the  wet  tensile  speci- 
men data  of  Poster  4.  Here  it  is  seen  how  the 
distribution  of  AE  events  of  different  spectral 
types  changes  witli  time  during  the  test.  A quan- 
titative 'composition  of  these  distributions  is 
suggested  as  being  possible  by  the  appearance  of 
coiBiion  peaks  of  differing  amplitudes  at  -11,  -4, 
and  +5  dB.  It  should  be  pointed  out  here  that  the 
spectral  type  parameter  used  in  these  analyses  is 
a very  crude  one  and  makes  use  of  only  two  of  the 


ftjht  pieces  of  sp«\'lr«1  Otto  aftlch  trt  ivail- 
»bi*.  OtNrr  ilrftnlttons  of  tpoctrti  type  ujlnj 
tU  ettjhl  pt«c«%  of  d«t*  ire  expected  to  be  even 
•ore  infi«-«it  I ve . 

The  tMO  fifurex  it  the  top  of  Poster  5 show 
the  b\(j  difference  in  the  amplitude  distributions 
of  the  V.  events  for  tensile  end  coMpressive  spec* 
iwen  failure.  The  nearly  straight  line  (power 
liw)  distribution  for  the  conpression  spec  inten 
suggests  that  a single  ■echanis*  predcMinates  In 
the  Af  generation  while  the  shape  of  the  distribu- 
tiiw  for  the  tensile  specimen  suggests  that  mwe 
than  one  leechanlsw  was  operating.  As  with  the 
spectra!  Xypt  distributions,  a guantitative  decom- 
positiiwi  of  the  amplitude  distributions  mav  be 
possible  to  give  the  relative  amounts  of  each 
mechanism  which  occurred. 

The  plots  of  spectral  t>a>e  vs  amplitude  sixiwn 
In  Poster  S are  less  infiwmative  than  the  others 
but  do  siww  that  the  Uwntr  fregi.cncy  events  tend 
to  higher  amplitude  This  tipe  event  shows  clear, 
ly  in  the  scatter  diagram  for  the  compressltw 
specimen  illustrated  which  was  the  only  specimen 
of  this  t ype  in  which  ile  laminat  ion  is  believed  to 
have  occurred 

Ttie  At  signatures  shiiwn  in  Posters  J,  4 and  S 
represent  the  results  of  vwly  a preliminary  at- 
tempt with  the  Hu  It  i -Par.ymeter  Analysis  capabili- 
ties that  are  niiw  possible.  In  the  fracture  of 


graphite-epoxy  composites,  where  several  different 
mechanisms  generally  occur  simultaneously,  there 
appears  to  be  a wealth  of  information  contained  in 
the  Al  signals  which  can  be  used  to  lietermlne  the 
current  mechanical  state  of  the  specimen.  Heans 
for  more  effectively  extracting  that  information 
fixim  the  data  are  under  development. 

Uft  PHtPICTlOH 

As  Stated  oarltei-  the  ultimate  objective  of 
this  study  Is  to  use  AE  signatures  obtained  from  a 
proof-test  to  establish  the  current  mechanical 
state  of  the  structure  and  hence  its  expected  re- 
maining lifetime  under  a specified  load  history. 
The  steps  required  few  .loing  this  are  well  defined 
and  are  outlined  tn  Poster  6.  for  simple  load 
conditions  and  geometries  such  as  the  laboratory 
btwid  siiecimens  of  this  study,  these  procedures 
could  now  be  folUiwed  to  predict  the  remaining 
life  of  a specimen  which  had  previously  been 
loaded  an  unknown  amount  This  exangile,  however, 
is  a trivia)  case  which  Aies  not  p'esent  the  ccwii- 
pToxItles  likely  to  be  encountered  in  a structural 
Cvveponent  . The  steps  .yre  the*  saaie  though  for  a 
nx'i  e cvviipl  icated  structure,  with  a key  elenw'nt 
being  a descrlptlvW  of  the  most  critical  flaw 
which  is  activated  by  the  prcxit  load.  This  des- 
cript lew  now  seems  possible  at  some  points  in  the 
flaw  growth  history  through  the  Af  signature,  and 
further  ref  ineiiHwits  In  the  signatui-e  analysis  ai  o 
expected  to  Impiwve  that  description. 


• OiTIHMINI  TNf  CURHtNT  MECHAMCAl 

STATf  Of  ACoaaeosiTt 


• fftfOtCT  ITS  NtMAININO  llftTIMt 


• lOINTirv  CHARACTIRISTiC  ACOUSTIC 
tMiSSION  SIONATUmiS  USING  MUk  Tl 

PANAMITER  ANAl  VSIS 

• RILATI  Af  SIONATURfS  TOSeECIflC 
f LAW  GROWTH  MECHANISMS 

• COtMINE  THIS  INFORMATION  WITH 
fRACIURE  MECHANICS  ANALYSIS  TO 
PREDICT  REMAINING  LIFETIME 


tEHAMwvwaR  •lx<m%ciMx 


EXPERIMENTAL  MfTFKX) 

• UNIDIRECTIONAL  GRAPHITE  EPOXY 
COMPOSITE  (AS/SMi  SI  TESTED  DRY 
AND  HYDROTHERMALLY  AGED 

• FOUR  POINT  KND  SPECIMENS  WITH 
VARIOUS  ORIENTATIONS  AND 

Of  OME  TRIES  TO  ENHANCE  SPECIFIC 
FRACTURE  MECHANISMS 

• USE  MULTI  PARAMETER  ANALYZER  AND 
MINICOMPUTER  TO  COLLECT  AND 
analyse  ACOUSTIC  EMISSION  DATA 

• ORTAIN  LOAD  CURVES.  VISUAL  ORSERVA 
TIONS  AFIO  SSM  PFFOTOORAPF4S  TO 

IDE NTIPY  FRACTURE  MECHANISMS 


SPECIMEN  DESIGNATIONS  XV 

LS  - FIBERS  IN  TENSILTN  CRACK  GROWTH  THRLI  THICKNESS 

LS  - FIBERS  IN E^IPMrtUSSlON  CRACK  GROWTH  IHRII  THICKNE.SS 

LT  - FIBERS  IN  TENSION  CRACK  GROWTH  TRANSVERSE 

LT  - EIBIRSINCOMPRESSIITN  CRACK  GRCIWTH  TRANSVE  RSE 

TS  - TENSION  NlTRMAL  10  FIBE  RS  CRACK  GROWTH  THRU  THICKNISS 

TL  - TENSION  NORMAL  TO  TIBI  RS  CRACK  GROWTH  AUTNG  TIBI  RS 
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If  FiCT  Of  WATIR  IN  THE  COMfOSITE  ON  THE  INITIAt  StOfE 
Of  THE  AE  AMfLITUOE  OISTRiaUTION 


OISTINC1IVE  TYPES  OF  AE  FHEQUENCY  SKCTNA 
OSTAINED  BY  ANALOG  SPECTRUM  ANALYZER  ANO  AEMPA 


«■« 


RELATIONSHIP  BETWEEN  INITIAL  SLOPE  OF 
AMPLITUDE  DISTRIBUTION  AND  ULTIMATE  LOAD 


PARAMETERS  MEASURED  FOR  EACH  AE  EVENT  BY  AEMPA 


Poster  2 

Cheracteristlc  acoustic  emission  parameters. 
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rCNSlON  > OKV 


COMMtSSlON  ' 0«V 


• AE  EVENT  RATE  - QUITE  VARIABLE 
j WITH  TIME  AND  FROM  SPECIMEN  TO 

SPECIMEN.  INDICATES  DAMAGE 
i RATE. 

i 

I 

j 

[ • LOAD  - WHEN  DRY,  COMPRESSIVE 

I STRENGTH  IS  GREATER. 


• AMPLITUDE  - LARGER  AMPLITUDE 
EMISSIONS  DUE  TO  TENSILE  FRAC- 
TURE OF  FIBERS  AND  INTERPLY 
DELAMINATION  WHEN  TESTED  IN 
TENSION. 


• RATIO  OF  AMPLITUDE  IN  TWO 
FREQUENCY  BANDS  - THIS  DEFINI- 
TION OF  FREQUENCY  SPECTRAL 
TYPE  SUGGESTS: 

1.  FIBER  FRACTURE  IS  HIGHER 
FREQUENCY. 

2.  DELAMINATION  IS  LOWER 
FREQUENCY. 

3.  FIBER-MATRIX  DEBONDING  AND 
MATRIX  FRACTURE  ARE  INTER- 
MEDIATE FREQUENCY. 

4.  DELAMINATION  TENDS  TO 
CREATE  LARGER  AMPLITUDE. 

5.  MATRIX  FRACTURE  TENDS  TO 
LOWER  AMPLITUDE. 

6.  FIBER  FRACTURE  IN  COMPRESSION 
TENDS  TO  LOWER  AMPLITUDE. 


TIMC-IMCI 


TIMI-(tCCI 
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TENSION  - NET 


E 


• LOAD  WHEN  WET -TENSILE 
STRENGTH  IS  GREATER. 


• AE  EVENT  RATE -VARIABLE. 


• AMPLITUDE -TENDS  TO 
LOWER  AMPLITUDES  WHEN 
WET  AND  WHEN  TESTED  IN 
COMPRESSION. 


• RATIO  OF  AMPLITUDE  IN  TWO 
FREOUENCY  BANDS  - SIMILAR 
OBSERVATIONS  WET  OR  DRY 
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•AMPLITUDE  DISTRIIUTION  - A MARKED  DIPPERENCE 
DUE  TO  THE  MECHANISMS  MIHICH  OCCUR  IN  TENSION 
AND  IN  COMPRESSION  IS  SEEN  IN  THE  AMPLITUDES  OP 
THE  AE 

QUANTITATIVE  DECOMPOSITION  OP  THEU  UlSTRIBU 
TIONS  MAY  BE  POSSIBLE  TO  GIVE  THE  RELATIVE 
AMOUNTS  OP  EACH  MECHANISM  MIHICH  OCCURRED. 


'M  ‘M 


■i; 


•SPECTRAL  T>  PL  VS  AMPLITUDE  - THERE  IS  A TENDENCY 
POR  THE  LOWER  FREQUENCY  EVENTS  TO  BE  HIOHER 
AMPLITUDE 

THE  COMPRESSION  TEST  RESULTS  ARE  ATYPICAL 
* BECAUSE  OF  LOW  FREQUENCY,  HIOH  AMPLITUDE 

S EVENTS  WHICH  SUOQEST  THAT  OELAMINATION 

F OCCURRED  IN  THIS  SPECIMEN 


8 

s 

« 
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•SPECTRAL  TYPE  DISTRIBUTION  - DISTRIBUTIONS 
CENTERED  AT  SPECTRAL  AMPLITUDE  RATIOS  OF  11. 

4 AND  *6  DB  CHANGE  IN  RELATIVE  NUMBER  OF  EVENTS 
WITH  TIME. 


I 

i 


QUANTITATIVE  DECOMPOSITION  OF  THESE 
DISTRIBUTIONS  MAY  BE  POSSIBLE  TO  DIVE  THE 
RELATIVE  AMOUNTS  OF  EACH  MECHANISM  WHICH 
OCCURRED. 
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Af  stqn.1  turps 
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PROCtnUHE 


SEEPS 


RCSUL1S 


APPLY  A REALISTIC  PROOF  LOAD  TO  A 
COMPONENT  AND  MONITOR  ACOUSTIC 
EMISSION  ACTIVITY 


collect  a sample  of  acoustic 

EMISSION  EVENTS  USING  MULTI 
PARAMETER  ANALYZER 


calculate  STRESS  distribution 
FOR  EACH  ACTIVE  REGION  AT  PROOF 
LOAD 


DETERMINE  SERVICE  LOAD  SPECTRUM 
LOCATE  ACTIVE  REGIONS  IF  MORE  THAN 
ONE  MINIMIZE  FURTHE R DAMAGE  DUE 
TO  PROOF  LOAD 

LOCALIZE  DATA  SET  TO  ONE  ACTIVE 
REGION  OBTAIN  SAMPLE  FOR  EACH 
ACTIVE  REGION  ACCOUNT  FOR  GEO 
METRICAL  EFFECTS  IN  SIGNAL 


ACCOUNT  FOR  COMPLEX  STRUCTURE 
ACCOUNT  FOR  PLY  ORIENTATION 
DETERMINE  THROUGH  THICKNESS  DIS 
TRIBUTION  OF  TENSILE.  COMPRESSIVE 
AND  SHEAR  STRESSES 


PREVIOUS  MAXIMUM  SERVICE  LOAD  OR 
EXTENT  OF  PREVIOUS  DAMAGE  IHROUGH 
KAISER  EFFECT 


RELATIVE  AMOUNT  OF  VARIOUS  FHACTUHl 
MECHANISMS  WHICH  OCCURRFD  THROUGH 
AMPLITUDE  AND  SPECTRAL  TYPE  DISTRI 
BUTIONS  LOAD  LEVEL  AT  WHICH  THEY 
OCCURRED 

MAGNITUDE  AND  THROUGH  THICKNESS 
LOCATION  OF  MOST  PROBABLE  CRITICAL 
STRESS  COMPONENT 


APPLY  FRACTURE  MECHANICS  ANALYSIS 


ACCOUNT  FOR  MATERIALS  PROPERTIES 
ACCOUNT  FOR  PLY  LAY  UP  AND  INTER 
ACTIONS  DETERMINE  FRACTURE 
CRITERION 


SEQUENCE  OF  MECHANISTIC  STEPS  IN  THE 
GROWTH  OF  A FLAW  TO  CRITICALITY 


PMI  DICT  FUTURE  SERVICE  CONDITIONS 


ESTIMATE  LOAD  SPECTRUM  ESTIMATE  FUTURE  FLAW  GROWTH  HATE 
ENVIRONMENTAL  EFFECTS 


■PRESENT  MAXIMUM  FLAW  SIZE  AND  TYPE  AT  EACH  ACTIVE  LEKATION  AS  A FUNCTION  OF  ITS 
ASSUMED  LOCATION  THROUGH  THE  THICKNESS 

CONCLUSIONS 

•PREDICTED  SERVICE  LIFE  BASED  ON  PRESENT  FLAW  DESCRIPTION  SEQUENCE  OF  MECHANISTIC 
STEPS  AND  FUTURE  GROWTH  RATE 
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Life  prediction 


using  AE  signature  analysis. 
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INITUIION  AND  DISPLAY  OF  DELAMINATION  FAILURE  DURING 
FATIGUE  OF  GRAPHITE  FIBER-EPOXY  COMPOSITES 


1 


W,  L.  Mocrts 

RockwII  Internjt  ional  Selene**  Center 
Thousand  Oaks,  California  91360 

ABSTRACT 

Laminar  mierodiseont Inul t ies  whieh  lead  to  the  delamination  of  two  unidirectional  layup  qraphite 
fiber-epoxy  ronnH)site  materials  durini)  fatique  have  been  rharacteri/ed,  and  discontinuity  geometry  and 
type  related  to  the  fatique  lifetime  of  specimt'ns  in  which  they  occur.  Two  types  of  discontinuities 
were  commonly  observed:  voids  amt  organic  inclusions  consistinq  of  regions  of  excess  hardener.  A stress 
intensity  range  based  analysis  applied  to  discontinuities  found  on  the  fatique  fracture  place  demonstrates 
that  the  several  orders  of  magnitude  scatter  in  fatique  life  found  for  a series  of  test  specimens  is  a 
result  of  a variation  in  the  type  and  si/e  of  discontinuities  present  from  s()erimen  to  specinyn.  A non- 
destructive acoustic  pulse  echo  systt'in  used  to  study  the  progress  of  crack  propagation  from  the  discon- 
tinuities during  fatique  is  also  described. 


Scatter  in  the  values  of  mechanical  propei'ties 
of  jraphite  fiber -epoxy  composites  is  substan- 
tially larger  than  that  typically  found  for  metal- 
lic structural  materials.  This  has  required  the 
use  of  large  safety  factors  in  the  design  of 
structural  components  using  such  composite  materi- 
als. A purpose  of  the  present  study  was  to  de- 
termine the  cause  for  scatter  in  the  lifetimes  of 
two  graphite  fiber -epoxy  materials  subjected  to 
fatigue  loading.  The  failure  mode  of  particular 
interest  was  delamination,  that  is  disbonding  be- 
tween layup  plies.  Delamination  is  the  principal 
failure  mode  of  fiber-epoxy  composites  loaded  in 
shear,  and  is  often  a weak  link  in  the  failure  se- 
quence of  such  materials  loaded  in  both  tension 
and  compression.  The  study  was  done  using  beam 
specimens  loaded  in  3-po1nt  bending,  for  an 
R • minimum  load/maximum  load  • 0 loading  condi- 
tion. The  materials  characterized  were  3501-5 
epoxy/AS  graphite  and  934  epoxy/T300  graphite,  a 
low  and  medium  curing  temperature  material,  re- 
spectively. Unidirectional  fiber  orientation 
50  ply  thick  construction  was  used,  providing  a 
0.63  cm  thick  specimen.  Specimens  where  load  in 
fatigue  normal  to  the  layup  plane,  with  the  fibers 
positioned  parallel  to  the  specimen  axis  as  shown 
in  Fig.  1.  The  specimens  failed  due  to  suberiti- 
cal  crack  growth  along  a plane  between  plies,  fol- 
lowed by  a final  tensile  failure  of  the  outer  fi- 
bers due  to  loss  in  specimen  stiffness  with  the 
delaminat ion. 

Fatigue  lifetime  data  for  the  materials  are 
shown  in  Fig.  1,  in  comparison  to  the  peak  shear 
stress  experienced  at  the  neutral  plane  of  the 
specimen,  resulting  from  the  3-polnt  loading  con- 
dition. The  several  orders  of  magnitude  scatter 
in  fatigue  lifetime  is  typical  of  such  materials. 

Specimens  were  ex.xmtned  optically,  after  fail- 
ure, to  characterize  areas  on  the  delamination 
plane  which  might  have  acted  as  Initiation  sites 
for  crack  propagation.  Principally,  two  types  of 
microdiscontinuities  were  observed;  voids  and  or- 
ganic inclusions.  The  voids  were  apparently 
formed  as  the  result  of  displaced  fibers  in  the 
prepreg  tape  used  to  manufacture  the  composite 
panels.  The  organic  inclusions  were  regions  of 
exces'  hardener  and  were  easily  visible  owing  to 
their  bright  yellow  color.  General  observations 
were  that,  typically,  there  was  only  one  discon- 
tinuity of  any  appreciable  size  on  the  fracture 
surface,  and  for  specimens  with  longer  fatigue 


lifetimes  the  discontinuities  tended  to  be 
smaller.  To  quantify  the  relationship  between 
discontinuity  size  and  fatigue  life  a mode  two 
stress  intensity  range,  was  associated  with 
each  discontinuity  of  any  appreciable  size  on  the 
fracture  surface  of  a specimen,  and  the  largest 
value  of  AK^  found  was  compared  with  the  speci- 
men fatigue  life. 

The  analysis  entailed  approximating  the  shape 
of  each  discontinuity  as  an  ellipse,  on  the  basis 
of  the  location  of  the  preponderance  of  the  area 
of  the  discontinuity.  Major  (2a)  and  minor  (?b) 
axes  of  the  ellipse  were  assigned  by  Ignoring 
small  appendages  such  as  Illustrated  for  the  void 
in  Fig.  2.  A stress  intensity  solution  by  Kassir 
and  Sih*  was  then  used  to  determine  AK^  for 
the  discontinuity.  The  cyclic  shear  stress  at  the 
site  of  the  discontinuity,  needed  to  complete  the 
calculation,  was  determined  from  the  cyclic  ap- 
plied load  and  the  distance  of  the  discontinuity 
from  the  neutral  plane. 

Results  of  such  an  analysis  are  shown  in 
Fig.  3.  For  the  3501-5  epoxy/AS  graphite,  for  in- 
stance, one  finds  that  the  lifetime  data  fall  into 
two  groups,  one  describing  the  effect  of  Inclu- 
sions, the  other  of  voids.  The  scatter  in  life- 
time Is  substantially  reduced  by  the  analysis, 
demonstrating  that  it  is  a variation  in  type,  size 
and  location  of  the  planar  mierodiseont Inuit ies 
from  specimen  to  specimen  that  is  principally  re- 
sponsible for  the  lifetime  scatter.  The  better 
fatigue  properties  of  the  934  epoxy/T300  graphite 
is  attributed  to  a smaller  average  size  of  discon- 
tinuity in  the  material  tested,  as  also  illus- 
trated in  Fig.  3. 

The  longer  lifetime  of  specimens  containing 
inclusions,  as  compared  to  voids  having  the  saim* 
aKs,  Is  attributed  to  a longer  Interval  of  crack 
initiation  at  the  inclusion  sites.  This  was  con- 
firmed by  a subsequent  investigation  in  which  the 
growth  of  cracks  from  the  discontinuities  was 
mapped,  at  increments  in  the  fatigue  life,  using  a 
computer  controlled  acoustic  pulse-echo  facility. 
The  technique  used  is  Illustrated  schematically  in 
Fig.  4.  A specimen  was  emersed  in  a water  bath 
and  an  acoustic  C-scan  made  using  a 15  MHz  broad- 
band focussed  transducer,  with  a point-to-point 
resolution  of  better  than  0.05  cm.  The  X,  Y posi- 
tion of  the  transducer  over  the  specimen  was  com- 
puter controlled  and  echo  samples  t*ere  taken  for  a 
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square  grid  on  the  specimen  at  Intervals  of 

0.025  cm.  Because  of  the  high  acoustic  attenua- 
tion and  the  acoustic  echoes  from  each  laminate, 
even  In  the  absence  of  defects.  It  was  necessary 
to  make  the  acoustic  amplitude  for  which  a discon 
tinulty  was  "recognUed"  a function  of  depth  In 
the  specimen.  This  procedure  Is  also  Illustrated 
In  F'g.  4. 


that  crack  propagation  from  the  voids  began  almost 
Immediately,  but  there  was  a substantial  time  re- 
quired for  crack  Initiation  at  the  void  sites. 

In  sunniary,  the  major  findings  are; 

1.  Microdiscontinuities  inadvertently  Intro- 
duced during  manufacture  of  graphite  fiber -epoxy 
materials  are  a major  source  of  scatter  In  life- 
time of  the  materials  subjected  to  fatigue  load- 
ing. 

2.  The  principal  discontinuities  observed  in 
a 3501-5  epoxy/As  graphite  and  a 934  epoxy/T300 
graphite  are  voids  resulting  from  displaced  fibers 
In  the  prepreg  tape,  and  organic  inclusions  con- 
sisting of  regions  of  excess  hardener. 

3.  The  type,  size  and  location  of  such  dis- 
continuities are  the  principal  factors  which  de- 
termine fatigue  life  of  the  materials. 

4.  Discontinuities  as  small  as  0.05  cm  In 
diameter  can  effect  composite  fatigue  life,  and 
can  be  detected  in  specimens  0.63  cm  thick  using 
acoustic  pulse-echo  techniques. 


Figures  5 and  6 show  the  results  of  such  map- 
ping for  a specimen  of  934  epoxy/T300  graphite. 

The  display  In  Fig.  5 Is  of  defect  location  as  a 
function  of  depth  normal  to  the  layup  plane  In  a 
sample,  and  shows  that  the  principle  discontinui- 
ties responsible  for  crack  initiation  In  that  par- 
ticular specimen  lay  in  poorly  manufactured  plies 
at  either  side  of  the  center  of  the  specimen. 
Figure  6 Is  a map  of  a limited  area  in  depth  taken 
normal  to  the  layup  plane.  The  discontinuity 
shown  before  fatigue  was  in  this  case  a void,  and 
subsequent  crack  growth  from  the  defect  after  1000 
fatigue  cycles  is  also  Illustrated.  Test  speci- 
mens were  mapped,  transferred  to  a loading  appara- 
tus for  fatigue  and  then  returned  to  the  mapping 
facility.  The  procedure  was  continued  until  a 
specimen  failed,  at  which  time  the  acoustic  map 
was  compared  to  the  actual  discontinuities  pre- 
sent. Using  this  technique,  it  was  demonstrated 
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Fig.  6 Crack  initiation  and  propagation  during 
fatigue. 


VIBROTHERNOG8APHY  AND  ULTRASONIC  PULSE-ECHO  METHODS 
APPLIED  TO  THE  DETECTION  OF  DAMAGE  IN  COMPOSITE  LAMINATES 


Edmund  G.  Henneke,  11.  Kenneth  L.  Retfsnider,  and  Wayne  U.  Stinchcomb 
Department  of  Engineering  Science  and  Mechanics 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia  24061 


ABSTRACT 

It  has  recently  been  shown  In  our  laboratories  that  quasl-lsotroplc,  graphite-epoxy,  composite  lam- 
inates develop  a typical  damage  state  that  eventually  leads  to  final  failure.  This  damage  statecannot 
be  represented  by  a single  through  crack  that  propagates  In  a self-simllar  manner  In  the  fashion  ordain- 
ed by  fracture  mechanics.  To  the  contrary,  the  damage  state  Is  a complex  one  which  begins  by  transverse 
cracking  In  the  weakest  lamina,  continues  by  an  Increase  In  transverse  crack  density  until  a stable  equi- 
librium spacing  Is  achieved,  proceeds  by  growth  Into  the  adjacent  laminae  and  ends  by  final,  catastroph- 
ic failure.  In  certain  stacking  sequences,  the  damage  state  Is  further  complicated  by  delamlnatlon. 
Several  NOE  methods  are  being  developed  In  our  laboratories  specifically  to  Identify  and  quantitatively 
desc’ltc  this  damage  state.  The  vibrothermography  technique  uses  low  amplitude  vibrations  as  a steady 
state  energy  source  In  the  composite  laminate.  The  mechanical  energy  Is  preferentially  absorbed  In  the 
region  of  dafiags  and  converted  to  heat,  which  can  then  be  detected  by  thermography.  This  technique  Is 
especially  applicable  to  detecting  delamlnatlon.  An  ultrasonic  pulse-echo  method  utlllilng  a straight- 
forward diffraction  analysis  Is  being  developed  to  detect  the  transverse  cracks  which,  as  they  approach 
and  attain  an  equilibrium  spacing,  present  the  appearance  of  a changing  diffraction  grating  to  the  ultra- 
sonic beam. 

DISCUSSION  Inatlon  depth  Is  given  In  Fig.  10  . 

Vibrothermography  and  ultrasonic  attenuation 
techniques  have  been  employed  In  our  laboratory  to 
aid  In  the  understanding  of  the  development  of  a 
characteristic  damage  state  In  graphite-epoxy  lam- 
inates. The  following  figures  and  photographs  In- 
dicate the  kind  of  Information  that  one  can  obtain 
from  these  methods.  To  begin  the  poster  demonstra- 
tion, a very  brief  description  of  the  vibrother- 
mography technique  Is  given.  Figure  1 Is  a photo- 
graph of  the  experimental  set-up  showing  a compos- 
ite panel  mounted  In  a low  amplitude  shaker.  The 
thermographic  camera  and  television  monitor  are 
also  shown.  Figure  2 a)  and  b)  are  photographs 
taken  from  edge  replicas  and  show  the  characterist- 
ic damage  state,  discussed  later,  of  uniform  spac- 
ing of  transverse  cracks  In  the  90"  plies  and  the 
edge  delamlnatlon  In  a [0,  «46,  90]  laminate,  re- 
spectively. A typical  thermograph  of  an  edge  de- 
lamlnatlon Is  shown  In  Fig.  3.  Figure  4 Is  a 
thermograph  of  a specimen  taken  after  static  load- 
ing to  a low  load  while  Fig.  5 Is  a thermograph 
of  the  same  specimen  after  10,000  cycles  of  fatigue 
at  the  same  maximum  load  level.  A boron-epoxy 
specimen  with  a circular  cut-out  was  loaded  In 
three-point  bending  until  surface  fracturing  oc- 
cu-red.  Fig.  6 . The  corresponding  thermograph. 

Fig.  7 , Indicates  large  amounts  of  subsurface 
damage  as  well  In  regions  removed  from  the  hole. 

An  ultrasonic  pulse-echo  method  was  used  to 
measure  attenuation  changes  In  graphite-epoxy  lam- 
inates during  loading.  A description  of  the 
observations  and  a suggested  crack  and  delamlnatlon 
dfffractlon  model  to  account  for  the  observed 
changes  are  followed  by  a typical  experimental  ob- 
servation. Fig.  8 . The  diffraction  model  can  be 
used  to  calculate  the  expected  attenuation  down- 
stream of  a transducer.  Figure  9 Is  the  result 
for  various  depths  of  edge  delamlnatlons.  Finally,  • sponsored  by  AFM.  and  NASA-Langley  Research 

the  predicted  attenuation  as  a function  of  delam-  Center. 


VIBROTHERMOGRAPHY 

Vibrothermography  Is  a nondestructive  Inspec- 
tion technique  that  uses  time-resolved  thermograph- 
ic detection  of  Infrared  radiation  to  detect  re- 
gions of  damage  In  materials.  Low  amplitude  me- 
chanical vibrations  are  used  as  a steady  state  en- 
ergy Input  to  the  material.  The  Interaction  of 
the  vibrational  stress  field  with  the  damaged  re- 
gions causes  local  heating  to  occur  (at  the  site 
of  the  damage)  which  can  be  detected  by  video- 
thermography.  This  technique  has  been  especially 
successful  In  delineating  delamlnatlons  and  similar 
flaws  In  composite  materials.  The  accompanying 
photographs  are  thermographs  of  heat  patterns  de- 
veloped In  graphite-epoxy  specimens  that  were  p'  •- 
viously  subjected  to  a load-time  history  as  noted. 
The  specimens  were  then  mounted  In  a shaker  which 
vibrated  at  approximately  18  kHz  with  an  amplitude 
that  was  barely  perceptible.  Hence  the  shaker  did 
not  cause  any  additional  damage;  It  simply  served 
as  a steady  state  energy  source.  Several  analyt- 
ical studies  have  also  been  performed  In  our  lab- 
oratory to  calculate  surface  heat  patterns  from 
subsurface  sources  and  to  calculate  heat  evolved 
during  fatigue  loadings. 
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fig.  S.  Thermograph  of  same  specimen  as  In  Fig. 

4 after  10,000  cycles  of  fatigue  loading 
to  a maximum  load  2/3  of  ultimate. 


Fig.  7.  Thermograph  of  specimen  shown  In  Fig.  6 
showing  sub-surface  damage  In  regions 
removed  from  the  hole  as  well  as  the  sur^ 
face  damage  across  the  specimen  at  the 
hole. 


OIFFRACTION  MODEL.XOR  THE  DETECTION 
OF  QAWGE  IN  COWOSITES 

Recent  work  performed  In  our  laboratory  has 
shown  that  quasl-lsotropic  graphite-epoxy  lami- 
nates of  the  type  [0,*45,  OOlj  (Type  1)  or  [O. 
90,‘45]s  (Type  II)  develop  a characteristic  dam- 
age state.  For  both  types  of  laminates,  trans- 
verse cracking  occurs  first  In  the  90°  plies  at 
a load  level  of  approximately  1/3  of  the  ultimate 
load.  As  the  load  Increases,  additional  trans- 
verse cracks  appear  In  the  90°  plies  until,  at 
approximately  2/3  of  the  ultimate  load,  an  equi- 
librium spacing  of  transverse  cracks  has  been 
achieved.  With  additional  load,  the  cracks  In 
the  90°  layers  beg  to  grow  Into  the  adjacent 
45°  layers.  These  'ransverse  cracks  will  appear 
to  be  a diffraction  grating  to  an  ultrasonic  wave 
which  Is  transmitted  In  a direction  perpendicular 
to  the  laminate.  As  shown  In  the  accompanying 
figures,  the  attenuation  of  the  ultrasonic  wave 
Increases  gradually  with  the  load,  and  hence  the 
number  of  transverse  cracks,  until  the  equilibrium 
number  of  cracks  has  occurred.  After  this  point. 
Fig.  6.  Surface  damage  on  a [0,  +45,  0]^  boron  attenuation  increases  rapidly  with  load  as  the 

epoxy  specimen  loaded  in^three  ?otnt  ‘o 

bending.  adjacent  layers. 

An  elementary  diffraction  model,  following 
the  earlier  work  of  Truell  and  Papadakis,  has  been 
used  to  calculate  the  expected  attenuation  of  a 
longitudinal  stress  wave  caused  by  the  diffraction 
of  the  wave.  It  was  assumed  that  each  transverse 
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cr«ck  serves  «s  a rectangular  screen  across  the 
aperture  represented  by  the  transducer,  lach 
screen  has  a width  w corresponding  to  the  crack 
opening  which  Is  probably  physically  represented 
by  the  projection  of  the  crack  onto  a plane  par- 
allel to  the  laminate.  The  number  of  such  screens 
across  the  diameter  of  the  transducer  corresponds 
to  the  number  of  observed  transverse  cracks  at 
each  load.  The  calculated  attenuation  correlates 
quite  well  with  the  experimental  observations, 
showing  an  Increase  of  attenuation  with  the  num- 
ber of  cracks  and  with  the  apparent  crack  opening. 


Fig.  9.  Predicted  attenuation  due  to  diffraction 
effects  downstream  of  a transducer  In  the 
presence  of  delaminations  having  various 
depths  d Into  the  field  of  the  transducer 
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Fig.  8.  Attenuation  versus  load  for  a graphite 
epoxy  specimen  loaded  quasistatically 


DEPTH  OF  DELAMINATION  (IN) 


Fig.  10.  Predicted  attenuation  as  measured  by  the 
pulse-echo  method  as  a function  of 
delamination  depth 


2*19 

i 


Jl 


SlIK^Wk’V  PIM'USSION 


«ot)^  Thomson,  Chaiiimn  (National  Bureau  of  Standards):  What  I thought  we  would  do  this  aftenwii  is  to 
pull  together,  to  the  extent  that  we  can,  what  we  have  heard  earlier  in  the  day  in  the  plenary  talks 
and  the  poster  presentations  that  we  have  Just  observed.  The  plenary  talks  addressed  methxxlology 
for  reliability  and  two  general  categories  of  materials:  ceramics  and  polymers.  In  the  poster 
sessions  there  w«>re  quite  a variety  of  topics  covered,  mostly  having  to  do  with  specific  instrumen- 
tation addressed  to  the  question  of  N0T--not  so  much  on  the  methodology  side,  but  more  at  the  WE 
interface,  we  VA.iuld  like  to  explore  the  convergence  of  these  two  elements. 

To  begin.  I would  suggest  that  methodology  be  considered  as  the  first  category  of  concern  (together 
with  materials),  and  that  attention  be  drawn  primarily  to  the  gaps  in  the  methodology  that  vie  have 
relative  to  particular  materials  categories,  even  though  primary  attention  in  materials  has  been 
placed  upon  ceramics  today.  We  will  include,  of  course,  metals  and  composites  in  our  discussion, 

How  does  anybxidy  want  to  add  to  or  subtract  from  these  categories  before  we  go  ahead? 

c'tto  Buck  (icience  Center):  what  are  the  elements  of  the  methodology? 

Robb  Thomson,  Chairman:  1 include  under  methodology  three  general  subcategories.  They  are  defects  and 
distributions,  measurements,  and  stress  history. 

Robert  L.  Crane  (APNl):  IRy  only  suggestion  is  in  the  area  of  ceramics  and  metals.  You  might  wish  to 
consider  materials  with  limited  ductility,  i.e,,  not  a classic  brittle  solid  like  ceramics  and  not 
a material  as  ductile  as  a metal.  A nviterial  with  limitexi  ductility  or  a ductility  which  is  very 
much  a function  of  temperature  vaiuld  be  of  interest. 

Robb  Thomson,  Chairman:  Gooii.  Anything  else? 

Since  we  apparently  agree  on  ou  foimat,  let's  begin  the  discussion.  Or.  Rogorsky  of  lirexel 
University  has  requestevl  three  minutes  for  comment. 

Alexander  Koqorsky  (Orexel  University);  Thank  you  very  much. 

Gentlemen,  1 have  listened  to  the  speakers  in  the  morning  session  with  great  interest.  Actually, 
the  problem  of  reliability  and  the  deteniiination  of  accept  reject  criteria  are  most  important 
elements  of  NOE.  I would  like,  briefly,  to  present  one  idea  which  has  been  recently  started  at 
Orexel  University.  In  many  cases  of  ultrasonic  inspections,  the  parameters  of  the  part  to  be 
inspected  and  the  associated  testing  conditions  are  unstable.  For  example,  ultrasonic  attentua- 
tion.  Surface  considitions,  quality  of  acoustical  coupling,  etc.,  can  affect  the  amplitude  of 
ultrasonic  signal.  To  avoid  these  variables,  ultrasonic  signal  can  be  presented  as  a function  of 
random  variable  characteristics  related  to  the  defect,  to  the  part  tested,  to  the  testing 
conditions,  and  signal  distributions.  Another  approach  consists  of  measurement  of  an  experi- 
mental reference  histogram  for  ultrasonic  signals  and  their  combination  with  scattering  consid- 
erations and  probaWl  istic  distributions  of  other  parameters,  this  ex|>erimental  histogram  can  take 
into  account  real  dIstriNitions  of  such  variable  parameters  as  attenuation,  scattering  coiKiition, 
etc.  The  first  step  is  to  measure  reference  ultrasonic  signals  from  different  spots  of  the 
component  being  inspected,  and  the  second  step  is  to  predict  the  most  pt\ibable  amplitude  level 
which  corresponds  to  the  sensitivity  of  inspection.  This  second  step  uses  results  of  preliminary 
statistical  analysis.  A simple  algorithm  using  this  approach  can  then  be  prepared.  Results  to 
date  show  that  the  accuracy  of  flat  bottom  hole  sice  determinations  using  this  approach  can  be 
Improved  by  .1  to  4 times. 

The  main  advantage  of  this  procedure,  we  think,  results  from  the  elimination  of  standards  and  a 
consideration  of  real  testing  conditions. 

I hank  you.  » 

Robb  Thomson,  Chairman;  Thank  you. 

Gordon  Kino  (Stanford);  It  seems  to  me  that  the  procedure  that  was  just  suggested  is  very  closely 

related  to  the  procedure  that  Mucciardi  of  Adaptronics  uses.  In  tact,  his  first  examples  were  on 
flat  bottom  holes  in  which  he  calibrated  on  a series  of  flat  bottom  holes  In  different  samples  of 
metal.  He  used  an  adaptive  routine  and  then  came  back  and  sited  the  hole  very  accurately. 

Alexander  Rogorsky:  1 think  this  procedure  is  not  repetitious  of  the  Mucciardi  method  simply  because 
I used  it  8 years  before  for  another  problem  of  testing  adhesion.  Now  we  are  using  it  for  steel 
castings.  We  didn't  use  adaptive  learning  networks  for  this  procedure,  but  simply  probabilistic 
approaches. 

Robb  ThoMson,  Chairman;  I'd  like  to  suggest  that  we  come  to  grips  with  a couple  o^  general  questions  on 
the  methodology. 
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Let  us  assume  tor  now,  anyway,  tnat  reliability  can  be  achieved  by  putting  the  three  elements 
referred  to  earlier  together  in  the  right  combination. 

John  Brinkman  (Science  Center):  1 am  bothered  by  a couple  of  things,  first  ot  all,  requiring  an  a 
priori  knowledge  ot  a defect  distribution  tells  me  that  somebody  is  assuming  we  are  going  to  use 
sampling  techniques  as  opposed  to  a hundred  percent  inspection.  I believe  that  many  industries  are 
moving  more  and  more  toward  the  requirement  of  a one  hundred  percent  on-production-line  inspection. 

I Know  that  the  Ariny  has  conmitted  itself  to  do  this  for  the  inspection  of  the  metal  parts  for  its 
large  caliber  projectiles.  I believe  I know  that  much  of  the  automobile  industry  vaiuld  like  to  do 
the  same  thing  with  respect  to  the  inspection  of  many  of  the  discrete  parts  that  go  into  automotive 
production.  If  you  assume  that,  then  another  question  arises.  That  question  is,  wnat  is  the 
reliability,  not  of  measuring  the  defect  properly,  but  of  detecting  it  first  of  all? 

If  we  can  solve  that  one,  and  1 would  like  son.e  comments  on  that,  then  it  seems  to  me  that  if  we 
do  a hundred  percent  inspection  and  observe  a hundred  percent  of  all  defects  which  are  at  or  near 
critical  site,  we  don't  have  to  say  we  need  to  know  the  distribution  of  defects  beforehand.  We  are 
going  to  measure  it.  Why  shouldn't  we  strive  tor  that  goal? 

Robb  Thomson,  Chairman:  Are  there  any  others?  I suggest  that  we  let  several  questions  come  up  and  then 
we  will  try  to  pull  things  together.  Are  there  any  further  questions  that  you  want  to  put  up  like 
that? 

Fred  Morris  (Science  Center):  There  is  another  related  problem.  There  are  classes  of  materials  and 

loading  conditions  for  which  the  parameters  that  control  failure  are  not  treatable  with  conventional 
fracture  mechanics.  I have  in  mind  a material  failure  which  is  principally  governed  by  crack 
initiation  processes.  I do  not  mean  to  say  that  cracking  is  not  appropriately  a part  of  what  is 
commonly  considered  as  initiation,  but  only  that  the  laws  that  govern  the  growth  of  those  cracks  are 
not  presently  amenable  to  description  by  conventional  fracture  mechanics.  This  includes  situations 
where  the  crack  overloads  are  very  large  or  where  microcrack  coalescence  is  an  important  aspect  of 
failure.  For  a given  alloy  and  loading  conditions  one  is  faced  with  the  prospect  that  9S  percent 
of  the  fatigue  life  is  in  the  initiation  stage.  Therefore,  the  window  for  failure  detection  is 
only  five  percent  of  the  fatigue  life,  in  terms  of  our  present  day  NOE  techniques.  Thus,  the  core 
of  the  scatter  in  line  time  and  reliability  prediction  has  to  ultimately  look  at  initiation,  either 
dealing  with  microcrack  development  in  certain  circumstances  or  more  complex  precursors  to  the 
microcrack  formation.  As  Don  Thompson,  for  instance,  has  pointed  out,  there  are  techniques  for 
looking  at  this  regime  of  the  failure  that  are  currently  being  looked  at  only  cursorily,  that  have 
some  promise  in  regard  to  looking  at  these  types  of  situations  and  I hope  we  could  talk  about  some 
of  those  in  a little  detail  as  well. 


Robb  Thomson,  Chairman:  Any  further  questions  or  concerns  to  put  on  the  table? 

M.  Srinivasan  (Corborundum) : One  of  the  things  that  concerns  me  in  the  methodology  aspect  relates  to 
the  problems  we  have  in  identifying  and  classifying  defects.  The  actual  parts  are  quite  complex, 
and  I wonder  how  much  the  design  coimxinity  appreciates  the  NOE  people's  problem.  The  philosophy 
of  design  could  make  the  NDE  people's  life  a little  bit  easier  and  yield  a better  product.  If  the 
designers  can  appreciate  the  problem  of  the  NDE  people,  they  can  design  the  parts  which  will  be 
amenable  to  an  easier  inspection.  That  would  be  a very  welcome  thing  to  the  NDE  conmunity. 

Robb  Thomson,  Chairman:  Anything  else?  Yes? 

Shirley  McDonald  (Lockheed):  I think  more  attention  needs  to  be  placed  upon  the  refinement  of  NDE 

instrumentation  to  be  sure  that  we  are  really  using  it  right.  Not  all  people  use  a given  instru- 
ment in  a given  way.  The  Instrument  may  not  even  be  optimijed  for  some  applications. 

Robb  Thomson,  Chairman:  Any  further  questions  or  concerns? 

Cecil  Teller  (Southwest  Research  Institute):  I am  concerned  that  the  Importance  of  initial  residual 
stresses  might  be  overlooked  in  the  probablistic  approach  to  fracture  mechanUs.  I'd  like  to 
hear  some  comments  or  thoughts  on  this. 

Robb  Thomson,  Chairman:  Very  good.  Anything  else? 

Robert  L.  Crane  (AFML);  There  Is  an  area  which  you  might  consider  as  a problem  area.  That  is  related 
to  the  rejuvenation  of  alloys.  Dipping  or  hot  pressing  an  alloy  may  be  used  to  close  up  a crack. 
The  structure  so  treated  will  have  to  be  requalified.  The  same  thing  is  true  for  composites  and 
bonded  structures.  The  structure  has  to  be  requalified  after  the  repair  procedure. 

Robb  Thomson,  Chairman:  I have  one  specific  conment  in  regard  to  methodology.  If  you  are  going  to 
develop  a fully  probabilistic  approach  as  was  shown  thir  morning,  I don't  understand  the  use  or 
omission  of  safety  factors.  It  seems  to  me  that  if  you  are  doing  a full  scale  treatment  of  relia- 
bility problems,  I don't  understand  where  a safety  factor  comes  in. 
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Yes,  Don? 


Cton  Thompson  (Science  Center).  J would  like  understand  how  various  materials  with  various  material 
proiierties  can  be  placed  in  the  content  v an  unified  methodological  approach.  More  specifically, 
can  ways  be  found  to  account  for  ductility  differences,  as  was  suggested  earlier,  and  other  features 
such  as  tinie  dependent  stress-strain  characteristics? 

Robb  Thomson,  Chainnan  We  now  have  a number  conynents  to  address.  Why  don't  we  let  Tony  tvans  take 
a crack  at  what  we  have  got  on  the  floor  so  far.  Maybe  that  will  generate  some  more. 

Anthony  G.  Evans  (Science  Center):  Well,  I think  it  appropriate,  perhaps,  that  I address  the  question 
that  klohn  Brinkman  raised  first  and  then  the  others  as  I remember  them. 

I think  you  are  under  a misapprehension.  John,  I think  it  is  fairly  straightforward  as  to  what 
these  probability  expressions  really  rean.  Everjthing  that  was  described  this  morning  did  apply 
to  full  inspection,  hundred  percent  inspection.  It  wasn't  sampling.  The  reason  that  we  need  the 
a priori  distribution  comes  when  you  realiie  that,  upon  nvjking  a measurement,  you  only  have  an 
Interpreted  defect  site  and  you  are  trying  tc  estimate  what  the  actual  defect  size  is  from  the 
errors  associated  with  the  width  of  that  band.  To  do  that  you  need  the  a priori  distribution. 

John  Brinkman:  Mo.  What  you  need  then  is  to  characterize  the  particular  instrument  or  technique  you 
are  using  as  to  the  manner  in  which  its  errors  are  distributed  over  the  spectrum  of  sizes  (or 
whatever  other  parameter  it  is  that  you  are  measuring).  But  that  doesn't  mean  that  you  need  the  a 
priori  knowledge  of  the  actual  defect  size  distribution.  That  is  a lot  less  demanding  a requirement. 

Anthony  G.  Evans:  Maybe  John  Richardson  can  help  me  on  this  Let's  consider  just  the  probability  of 
estimating  the  actual  size  fa^m  a measured  size.  You  need  the  a priori  distribution  as  well  as 
other  information. 

John  Brlnknun  No. 

Anthony  G.  Evans;  We  are  obviously  not  conriunlcating  too  well. 

John  Brinkman:  What  you  have  said  we  need  is  sufficient.  But  it  is  mp^  than  sufficient.  It  is  not 
necessary.  All  that  Is  necessary  is  a knowledge  of  what  is  measured  and  what  is  the  probability 
of  distribution  of  defects  that  will  give  that  measurement.  That's  right.  That  is  a far  less 
demanding  requirement.  If  you  have  those  two  you  have  all  the  information  you  need. 

John  Richardson  (Science  Center);  John,  to  get  that  you  need  the  a priori  distribution. 

John  Brinkman;  No,  you  don't.  This  Is  what  you  use  calibration  standards  for.  You  can  get  the  latter 
set  of  functions  from  a series  of  calibration  blocks. 

John  Richardson:  No.  Characterizing  the  instrument  is  not  going  to  give  you  the  defect  size  distribu- 
tion, given  the  measurements,  completely.  You  have  to  have  more  elemenis  than  that.  That  is  a 
part  of  it.  That  is  not  all  of  it. 

John  Brinkman:  If  I have  characterized  iry  Instrument  so  that  I know  how  it  errs,  how  frequently  It  errs, 
and  in  which  direction  and  how  far  It  errs,  1 have  everything  I need. 

John  Richardson;  It  Is  part  of  It. 

Anthony  G.  Evans:  It  is  dearly  part  of  further  debate.  It  would  be  better  settled  privately,  I guess. 

Robb  Thomson,  Chairman;  I think  so. 

John  Brinkman:  May  I ask  a question? 

Anthony  G.  Evans:  I see  about  6 hands  up. 

Charles  Rau  (Failure  Analysis  Associates);  Is  anybody  else  bothered  by  the  same  point?  Because  if  they 
are,  I think  we  should  pursue  it. 

Robb  Thomson,  Chairman;  I think  we  are. 

Harris  Marcus  (University  of  Texas):  Could  1 extend  the  question  a step  further? 

Robb  Thomson,  ChainMn;  Yes. 
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Harris  Marcus:  The  thing  that  bothered  me  about  most  of  the  discussion  this  morning  is  that  you  are  I 

looking  for  flaw  sizes  that  will  eventually  become  critical  and  that  are  detectable  with  some  1 

degree  of  reliability.  Vet,  the  treatments  go  back  to  initiation  as  part  of  the  statistical  analy-  1 

sis.  I don't  know  of  any  way  to  use  NOT  to  characterize  Initiation  state.  So  what  you  are  doing  1 

is  running  the  distribution  out  beyond  the  detection  limit  of  any  of  the  devices  that  are  being 
discussed  here;  yet,  NOT  is  being  used  as  a baseline  for  this  whole  statistical  analysis  that  you 
are  talking  about.  1 am  confused  by  this  and  suggest  that  attention  be  given  to  measurement  tech- 
niques for  the  microcrack  regime. 

Charles  Rau:  Different  question,  but  we  will  address  that  one.  I think  it  is  important  to  get  straight.  ' 

It  is  key  that  we  understand  the  need  for  both  characterization  of  the  inspection  equipment,  that  | 

Is,  Its  capability  to  detect  a defect  given  that  the  defect  of  a certain  size  is  there,  and  the 

a priori  distribution.  1 

John  Brinkman:  And  the  probability  It  has  detected  it  wrong,  quantitatively,  by  a given  amount.  j 

I 

Charles  Rau;  Well,  the  key  thing  is,  what  does  the  instrument  do  given  the  fact  that  there  Is  a flaw  1 

there  of  various  sizes,  what  Is  the  probability  that  instrument  will  detect  that  flaw. 

( 

John  Brinkman;  Not  detect,  but  detect  and  measure.  j 

Charles  Rau:  Detect  and  size,  okay?  ^ 

John  Brinkman;  Okay.  ^ 

( 

Charles  Rau;  That  is  only  half  the  question  though.  If  you  want  to  know  what  distribution  of  defects 
really  gets  Into  service,  you  also  have  to  know  what  preinspection  defect  distribution  you  started 
with  which  you  then  operated  upon  with  you  inspection  tool,  and  the  rejection  that  took  place. 

Multiplication  of  those  two  functions  gives  you  what  gets  into  service.  You  do  have  to  have  the 
preinspection  flaw  distribution  as  well  as  the  capabilities  of  you  instrument.  That  is  the  point 

we  are  arguing.  There  are  two  distributions  that  you  must  have.  This,  in  fact.  Is  a key  point  which  | 

many  inspection  people  over  the  years  have  failed  to  recognize.  That  is  one  of  the  reasons  why  we 

have  had  difficulties  in  getting  to  a quantitative  NDE. 

John  Brinkman:  There  is  a philosophical  problem.  The  philosophical  problem  Is  that  if  we  have  to  have  ' 

an  a priori  knowledge  before  we  can  measure  any  distribution,  we  can  never  get  there  to  begin  with 

because  we  never  have  it.  We  have  to  measure  one  first. 

Anthony  G.  Evans:  No,  we  are  talking  about  accumulating  a knowledge  of  what  a typical  a priori  distri- 
bution is,  and  then  on  a specific  component,  we  are  looking  for  whether  that  distribution  is  liable 
to  cause  failure.  You  need  to  characterize  a batch  — a typical  batch  of  material  or  a class  of 
material  In  terms  of  typical  a priori  distributions.  You  can  do  that  on  sectioning  a component  or 
even  Inspecting  components  and  inverting. 

Robb  Thomson,  Chairman:  1 think  there  is  a confusion  between  making  the  initial  standardizing  measure- 
ment and  the  measurement  that  the  inspector  has  made.  I think  maybe  that  is  the  confusion. 

Anthony  G.  Evans:  That's  where  it  lies. 

Don  Thompson;  Tony,  would  you  amplify  upon  the  problem  of  obtaining  the  a priori  distribution?  These 
distributions  must  be  obtained  by  a measurement  of  some  kind,  either  destructive  or  non-destructive. 

Anthony  G.  Evans;  There  are  a couple  of  ways.  Charlie  mentioned  one  this  morning  and  I mentioned 
another.  The  way  we  have  done  it  is  destructive.  You  take  big  billets  of  material  and  section 
through  them  metallographically.  You  can  characterize  the  flaw  size  and  the  size  distribution. 

We  know  from  statistics  that  it  is  liable  to  fit  an  extreme  value  distribution  and  that  helps  us 
enormously  because  that  gives  us  only  three  choices  of  distribution  to  fit  it  to.  Then  we  can 
extrapolate  It  out  to  larger  defect  sizes  to  get  into  the  range  we  need  to  for  our  prediction. 

Don  Thompson:  How  do  you  carry  this  procedure  across  to  that  product  that  comes  off  the  line  in  which 
specific  materials  and  especially  specific  procedures  are  used? 

Anthony  G.  Evans:  You  have  to  take  samples  out  of  that  product  and  characterize  the  a priori  distribu- 
tion on  samples  taken  at  random  out  of  that  product,  probably  on  a continuing  basis  to  make  sure 
that  the  distribution  isn't  changing  with  time  as  the  manufacturing  process  might  change.  So 
that's  a rather  laborious  task  and  something  that  has  to  be  done.  You  might  have  some  other 
thoughts,  Charlie. 

Charles  Rau:  Here,  in  fact,  is  where  the  alternative  technique  of  having  identified  what  your  instru- 
mentation capabilities  are  may  be  used.  You  can  then  use  just  the  nondestructive  inspection  results 
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themselves  to  back  out  what  the  pre1nspect1on  flaw  distribution  Is. 

John  Brinkman:  Thank  you.  ''m  sorry  you  weren't  here  when  I asked  my  question,  but  that  was  my  point. 

I made  the  point  that  many  manufacturers  are  pushing  toward  a hundred  percent  on-line  Inspection. 

If  you  accept  the  fact  that  that  Is  a goal,  why  shouldn't  we  make  It  our  goal.  Then  we  can  address 
the  fact  that  we  then  have  to  worry  about  detection  probability  as  well  as  characterization  capa- 
bility. If  you  are  going  to  measure  the  size  distribution,  why  do  you  have  to  have  It  In  an  a 
priori  manner? 

Charles  Rau:  Somewhere  along  the  line  you  must  have  an  Independent  measure  of  what  you  are  dealing  with, 
or  else  you  have  to  have  some  statistical  way  of  massaging  your  data  Iteratively  and  tying  it  back 
into  the  actual  failure  rates.  Somehow  you  must  get  an  Independent  measure  of  what  you  have,  other- 
wise you  just  go  round  and  round  In, circles. 

John  Brinkman:  You  calibrate  your  Instruments. 

Charles  Rau:  No,  somewhere  you  must  also  have  a back-in  to  what  the  preinspection  material  distribution 
was.  You  have  to  have  It. 

Let  me  try  to  address  a couple  of  the  other  quick  questions  that  were  brought  up.  If  It  Is  appro- 
priate now. 

With  regard  to  the  safety  factor,  Robb,  we  are  not  talking  about  a safety  factor  in  the  conventional 
safety  factor  sense  In  which  you  take  the  maximum  stress  and  divide  It  by  the  stress  base  safety 
factor.  This  is  a life  base  safety  factor  which  means  you  calculate  a probable  life.  You  say  it 
Is  going  to  last  1020  hours.  Now  what  fraction  of  that  do  you  actually  use  as  an  Inspection  inter- 
val? That's  the  safety  factor  I'm  talking  about.  It's  not  the  conventional  safety  factor. 

Robb  Thomson,  Chairman:  It  seems  to  me  that  you  should  be  able  to  calculate  the  best  time  for  inspection 
without  addressing  a safety  factor. 

Charles  Rau:  You  can.  It  Is  just  semantics. 

With  regard  to  Don's  question  about  the  integration  of  a wide  range  of  different  materials  into  a 
single  methodology,  I don't  really  think  that  Is  a problem  with  the  methodology.  What  will  happen, 
of  course.  If  you  go  to  vastly  different  materials,  you  will  find  that  various  parameters  in  your 
total  formulation  will  be  dominant  In  one  set  of  alloys  or  materials  and  others  will  be  dominant 
in  different  materials.  Obviously,  in  dealing  with  ceramics  you  are  dealing  with  the  Inspection 
process  as  dominant.  In  certain  metals  it  may  be  fatigue  Initiation  that  is  Important  and  the 
prior  flaw  distributions  are  relatively  Innocuous.  The  methodology  doesn't  change  --  just  the 
sensitivity  to  the  specific  parameters.  I;  you  get  big  scatter  on  certain  parameters,  they  will 
be  dominant  in  the  total  reliability  of  the  product.  I think  the  basic  parameters  are  the  same  no 
matter  what  engineering  system  you  are  dealing  with. 

Let  me  answer  Harris'  question  about  the  Initiation. 

If  you  use  the  conventional  probabilistic  fracture  mechanics  leading  to  a retirement  for  cause,  that 
is  strictly  a propagation  based  analysis.  In  fact,  initiation  doesn't  really  enter  into  the  process 
at  all.  Initiation  enters  Into  it  when  you  start  to  utilize  the  combined  analysis  approach  in  which 
you  are  trying  to  make  use  of  the  success  and  failure  data  which  you  measure  with  your  NDE  in  the 
parts  which  have  already  experienced  some  service.  There,  of  course,  you  have  to  subtract  out  the 
initiation;  otherwise  you  get  a distribution  of  crack  sizes  at  one  lifetime  In  your  whole  fleet  and 
if  you  sit  there  and  assume  that  was  all  propagation,  you'd  be  markedly  in  error  because  many  of 
those  sat  there  for  90  percent  of  that  time  before  they  Initiated.  So  that  has  to  be  In  the  model. 
You  can.  If  you  like,  take  advantage  of  the  total  observation  to  make  predictions  about  propagation 
on  the  sample  you  are  going  to  operate  on.  That  doesn't  come  across  all  that  clearly;  It  is  only 
when  you  go  to  taking  advantage  of  the  field  data  that  you  have  to  Incorporate  the  initiation.  If 
you  are  strictly  going  with  probabilistic  fracture  mechanics  you  are  not  taking  advantage  of  field 
data.  You  are  right;  It's  all  propagation. 

Harris  Marcus:  How  do  you  get  the  NDE  to  give  you  any  information  on  that?  That's  the  only  question 
I really  asked. 

Charles  Rau:  Well,  even  when  you  operate  with  the  combined  analysis,  you  are  still  using  the  NOE  to 

tell  you  what  the  current  flaw  size  Is,  but  you  are  using  the  Initiation  to  back  out  from  the  total 
observation  what  the  stresses  must  have  been  to  get  to  the  point  where  your  population  Is  now. 
Rephrased,  you  are  using  the  NDE  In  more  than  one  way.  The  NDE  is  in  there  In  the  same  way  with 
regard  to  the  crack  progression  whether  or  not  you  get  the  stresses  by  a straight-forward  design 
calculation  or  whether  you  are  trying  to  infer  what  the  actual  stresses  were  frc.n  the  observations 
made  with  nondestructive  Inspection.  If  you  do  the  latter,  then  you  have  initiation  tied  up  In  your 
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statistics.  If  you  do  Just  the  straight  design  approach,  inspect  it  and  make  a decision,  then  you 
restrict  the  propagation  basis. 

Fred  Morris:  I don't  think  we  should  leave  it,  though,  that  our  only  recourse  at  this  point  is  to  use 
field  data  to  deal  with  the  initiation  stage  of  the  failure  process.  That  is  because  there  is  now 
on-going  research  from  which  it  may  be  possible  to  relate  statistical  microcrack  growth  and 
coalescence  to  propagation.  Essentially,  what  we  are  talking  about  is  extending  out  statistical 
n»dels  down  into  the  initiation  region  using  fracture  mechanics  where  possible.  There  are  non- 
destructive techniques  for  looking  at  microcracks  that  are  only  10  or  15  microns  long  that  are  in 
the  development  stage.  Again,  I hope  we  don't  leave  Initiation  as  a poor  stepchild  because  there 
are  things  that  ran  be  done  to  treat  that  problem  beyond  a very  mechanistic  way  of  looking  at 
differences  betwein  predicted  and  measured  fatigue  lives. 

Anthony  G.  Evans:  I might  say  something  about  that.  I think  we  have  confined  ourselves  mostly  to  pro- 
pagation controlled  phenomena  because  the  defects  are  usually  large  unless  they  are  distinguishable 
separately  using  ultrasonic  measurement.  That's  a regime  in  which  most  people  in  the  audience  cer- 
tainly are  Interested.  But  you  are  quite  right,  of  course.  One  has  to  extend  one's  nondestructive 
method  into  a region  in  which  individual  defects  are  no  longer  discernable  and  you  have  to  measure 
some  other  property  of  the  material  which  can  then  be  related  to  initiation  times.  As  you  well 
know,  ultrasonic  attenuation  and  a host  of  other  measurements  have  that  potential  and  they  need  to 
be  explored.  We  certainly  shouldn't  Ignore  it. 

Fred  Morris:  It  is  part  of  ft  because  we're  picking  the  problems  that  current  technology  can  deal  with. 
It's  just  that  Initiation  problems  aren't  being  tackled  as  yet. 

Charles  Rau:  I didn't  mean  to  imply  that  that's  the  only  way  to  go.  I would  like  to  make  another  point 
which  1 didn't  have  time  to  really  make  in  my  presentation  this  morning.  1 don't  look  at  using  the 
field  data  as  a last  resort  because  we  can't  do  it  any  other  way.  In  fact,  quite  the  converse  is 
true.  1 look  at  the  field  data  as  being  the  more  appropriate  way  to  go  if  and  when  it's  available, 
because  that's  the  horse's  mouth.  It  Includes  everything,  if  you  like,  within  it.  Let  me  give  you 
an  example.  I went  through  an  example  this  morning  where  I had  a fatigue  model  which  included  both 
initiation  and  propagation.  It  contained  the  sixth  power  of  stress  dependence  on  initiation.  Let's 
turn  it  around  for  propagation.  Wo  had  a fourth  power  of  dependence  on  the  cyclic  stress  range  and, 
say,  a first  power  on  the  mean  stress.  We  also  ran  that  same  analysis,  assuming  that  the  analyst 
was  stupid  and  he  confused  fatigue  with  creep.  Instead  of  having  a fourth  power  in  delta  sigma  and 
a first  power  in  stress,  he  had  it  the  other  way  around,  a fourth  power  in  mean  stress  and  a first 
power  in  delta  sigma.  This  yields  a completely  Irrelevant  engineering  model,  and  via  a conventional 
probabilistic  fracture  mechanics, you  get  all  the  wrong  answers  and  make  all  the  wrong  decisions. 

But  with  the  combined  analysis  approach  of  using  the  field  data  to  calibrate  your  system,  we  found 
we  still  got.  believe  it  or  not,  a very  substantial  cost  benefit  from  the  retirement  for  cause 
approach,  approaching  a 30  percent  cost  savings.  It  was,  of  course,  an  80  percent  cost  savings  if 
you  had  had  the  right  model.  The  point  is,  however,  it  wasn't  zero  and  the  reason,  of  course,  is 
that  by  using  the  field  data  to  pin  your  point  even  if  you  employ  a bad  engineering  ncdel , you  can't 
be  too  far  off.  On  the  other  hand,  start  from  scratch  with  your  lab  data  and  you've  missed  out  on 
the  mechanism  or  something,  you  are  extrapolating  over  much  longer  distances  and  have,  therefore, 
a much  higher  chance  for  large  errors. 

Robb  Thomson,  Chairman:  We  have  spent  quite  a long  time  with  this  first  category.  1 think  it  was  appro- 
priate, but  let  me  Just  ask  the  two  people  on  their  feet  for  a brief  sumnary  of  where  you  feel  the 
major  road  blocks  are  for  the  ultimate  application  of  this  approach  to  reliability  for  use  in 
materials.  Could  you  do  that?  Could  each  of  you  do  that  in  a cuple  of  minutes? 

Anthony  G.  Evans:  Give  us  a chance  to  think  about  it. 

Robb  Thomson,  Chairman:  Yes. 

Jerry  Tietnann  (General  Electric):  While  you're  thinking,  maybe  I could  ask  about  what  seems  to  me  to  be 
a road  block  --  I call  it  the  chicken  and  the  egg  problem.  Tony,  this  morning,  you  wanted  to 
use  the  low  frequency  data  to  determine  the  defect  volume.  However  it's  the  defect  volume  times 
the  acoustic  Impedance  mismatch  that's  actually  determined  at  the  low  frequencies.  On  the  other 
hand,  the  high  frequency  data  can  give  you  the  acoustic  Impedance  only  if  you  know  what  the  volume 
is.  So  there  you  have  the  problem  of  the  chicken  and  the  egg. 

Anthony  G.  Evans:  Well,  that  I can  answer.  I think  it  turns  out  that  in  the  high  frequency  method  I 
described,  you  don't  need  to  know  the  volume.  You  Just  need  the  details  of  the  impulse  response 
time. 

Jerry  Tlemann;  The  amplitude  of  that  depends  on  how  much  of  it  is  there. 

Anthony  G.  Evans;  It  is  the  sequence  of  the  respective  peaks  and  the  Impulse  response  function  that  is 
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(mportint,  not  th^  4b-.o'ute  iimpUtude.  It  Is  irrelevant  in  Jetermininq  what  the  impedance  ot 
that  defect  is.  You've  qot  to  know  the  seqiiencinq  of  them. 

Oerry  Tlemann:  Only  if  they  are  spheres.  You  don't  know  that  when  you  come  upon  an  arbitrary  defect. 

Anthony  G.  Evans:  I showed  some  data,  and  I said  we  still  have  to  prove  some  of  these  features  for 
real  shaped  defects.  It  turned  out,  however,  that  the  two  or  three  we  looked  at  so  far,  even 
though  the  shapes  are  quite  irregular  and  by  no  means  shperical , they  still  exhibit  the  same 
features  you  calculate  for  the  sphere. 

Jerry  Tiemann:  But  only  at  a risk  of  Increased  uncertainty  as  to  what  the  acoustical  impedance  is. 

Anthony  G.  Evans:  Sure,  right. 

Jerry  Tiemann:  So  therefore  you  then  don't  know  the  acoustic  impedance  unless  you  know  the  shape. 

Anthony  G.  Evans:  It's  not  quite  as  black  and  white  as  you  make  out  in  the  sense  that  one  has  a limited 
set  of  possibilities  one  knows  can  exist  in  the  matei'ial . If  there  is  an  infinite  set  of  possible 
defects  in  there,  then  I think  the  question  you  raise  is  a very  serious  problem.  You  know  from  a 
low  of  experience  in  working  with  materials,  however,  that  there's  a limited  set  of  possibilities  -- 
say  six  types  of  defects  --  that  you  are  liable  to  expect  from  the  fabrication.  When  you  have  that 
limited  set  of  possibilities,  it  appears,  even  though  the  defects  are  irregular  in  shape,  the 
impulse  response  function  retains  enough  of  that  shape,  if  you  calculate  for  the  sphere,  that  you 
can  distinguish  those  six  possibilities  without  even  knowing  its  shape.  Believe  it  or  not, 
that's  the  way  it  seems  to  he  working  out.  Then,  of  course,  when  you  do  have  that  in  answer  to 
the  first  part  of  the  question,  you  do  know  the  impedance.  Then  the  volume  comes  out  from  a 
low  frequency  measurement. 

Robb  Thomson,  Chairman:  Charlie,  since  you  didn't  have  to  answer  that  question  do  you  want  to  start 
with  this  other?  Let's  make  it  short.  I would  like  to  go  on  to  the  other  topics  up  there. 

Charles  Rau:  I have  three  things  I jotted  down.  There  is  probably  more,  but  three  things  which  I think 
are  limiting.  First  of  all,  overall,  I don't  think  there  are  any  insurmountable  roadblocks.  I 
think  that  we  have  the  technology  now  and  I am  very  excited  about  the  combined  analysis  approach 
because  it's  gotten  over  some  of  what  1 felt  were  the  major  roadblocks  with  the  conventional 
approach.  However,  there  are  two  problems  associated  in  applying  it.  One  of  the  problems  is 
that  we  really  don't  have  the  preinspection  flaw  distributions  for  most  of  the  cases.  In  most  cases 
I think,  quite  frankly,  we  still  don't  have  the  probability  of  detection,  given  the  fact  that  a 
flaw  of  a given  site  A Is  there.  We  now  appreciate  that  we  need  it  under  realistic  field  conditions. 
The  last  thing  is  just  with  the  unknowns  which  crop  up  in  the  prediction  of  failure  probability 
knowing  that  a crack  of  a given  site  "A"  exists.  These  are  related  to  such  things  as  the  loading, 
the  guy  doing  something  to  it  that  he  never  should  have  done,  something  ridiculous  tied  in  along 
with  three  or  four  other  design  problems.  I still  see  a difficulty  in  quantifying  those  sorts  of 
things  from  a limited  amount  of  data. 

Robb  Thomson,  Chairman;  Thank  you. 

Anthony  G.  Evans:  To  some  extent  my  concerns  are  the  same.  Certainly,  I am  concerned  about  the  a 
priori  distribution  and  we  all  agree  that  is  a concern  to  get  that  with  sufficient  accuracy  at 
low  probabilities.  Perhaps  an  overriding  problem  is  to  get  all  the  accept/reject  decisions  very 
material  specific,  not  just  because  of  the  a priori  distribution  but,  perhaps,  also  because  of  the 
Inspection  and  that  means  that  It  takes  a lot  of  money  to  get  the  information  you  need  for  each 
particular  system.  Someone  must  recognize,  I suppose,  that  if  he  wants  to  use  inspection  methods 
it  is  going  to  cost  a lot  of  money  at  the  outset  to  get  the  Information  that  one  needs  at  the 
statistical  levels  of  confidence  that  are  required.  That  is  a concern  that  people  will  recognize. 
They  must  make  the  money  available  for  that  purpose. 

Robb  Thomson,  Chairman:  Okay.  Thank  you  very  much. 

I suggest  then  that  now  we  switch  completely.  Let's  skip  ceramics  and  metals  unless  there  is  an 
objection  to  that.  It  Is  4:20  and  I think  we  have  at  least  had  some  Implicit  discussion  of 
ceramics  and  metals  In  the  discussion  we  have  had  so  far.  I suggest  we  jump  down  to  bonds  and 
to  polymer  materials.  Unless  there  Is  an  objection  in  particular,  I would  like  to  start  that 
discussion  by  asking  Dave  Kaelble  If  he  can  relate  the  terms  we  have  been  hearing  for  the 
reliability  description  for  ceramics  and  metals  to  the  polymeric  material.  As  I understood  you 
this  morning,  I had  difficulties  bringing  these  two  approaches  together.  I had  difficulties 
understanding  what  were  the  primary  parameters  that  we  had  to  come  to  grips  with  in  the  polymeric 
situation.  Maybe  that  would  be  a good  place  to  start. 

Oave  Kaelble  (Science  Center):  I believe  the  polymeric  materials  generically  require  somewhat  more 
detailed  descriptions  In  terms  of  major  mechanism  of  failure.  I think  in  running  through  the 
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statements  tor  a mathematical  criteria  ot  Welble  failure  distributions,  a generalised  Welble  distri- 
bution function  Is  required  which  has  In  It  a two  parameter  model  for  stress  dominated  failure. 

In  other  words.  It  says  that  failure  In  the  range  ot  very  short  time  or  low  temperature  will  be 
a brittle  criterion  similar  to  that  for  ceramic  failure.  But  In  the  condition  where  you  go  Into 
ductile  response,  very  often  you  have  a strain  limitation.  Accessibility  becomes  a critical  para- 
meter as  a failure  criterion.  One  has  then  the  state  of  strain  over  the  mean  strain  characteristic 
of  the  Uelble  failure  process.  As  we  go  further,  then,  thei-e  is  a third  condition.  If  one.  In 
fact,  has  awed  out  In  time  under  conditions  of  decreasing  stress,  one  has  a constant  strain  state. 
Including  stress  relaxation  effects,  one  has  failure  by  a time  dominated  flow  process.  The  third 
criteria  operates.  These  three  effects  are  essentially  Independent  of  each  other. 

Robb  Thomson,  Chairman:  I would  like  to  focus  on  the  question  of  overall  reliability  In  terms  that  we 
have  had  It  presented,  I.e.,  defect  distributions,  measurements,  and  stress  history. 

Don  Thompson:  I'm  r»t  sure  1 know  quite  how  to  ask  the  question  either,  but  let  me  ask  Charlie  (Rau) 
what  happens  If  you  put  time  dependent  failure  phenomena  Into  the  reliability  formulas  which  you 
have  developed. 

Charles  Rau:  You  get  more  complicated  reliability  formulas,  but  they  work. 

Don  Thompson:  Could  you  pinpoint  In  your  methodology,  Charlie,  where  that  happens? 

' Charles  Rau:  It  Is  In  the  engineering  model.  I suppose  that  If  the  defects  extend  without  load.  It 

I would  also  tie  Into  the  preinspection  defect  distribution  which  may  change  with  time.  1 haven't 

j thought  about  1t  In  detail  however. 

Dave  Kaelble:  1 think  I agree  with  Charlie.  Most  of  these  complexities  I brought  up  this  morning  will 
be  detailed  In  the  engineering  model.  To  relate  the  particular  physical  responses  and  degradations 
of  the  systems,  of  course,  is  a material  science  problem  which  I think  needs  to  be  worked  In  a sort 
of  new  Interface  between  material  science  and  design  engineering. 

Anthony  G.  Evans:  I think  I lost  something,  but  I think  In  Dave's  presentation  he  didn't  specifical.y 
talk  about  Individual  defects  and  their  detection  non-destructlvely.  In  many  cases,  adhesive  bonds 
and  composites  don't  fall  that  way.  They  fall  either  due  to  a loss  of  load  or  compliance,  or  a 
linking  of  smaller  defects  related  to  Fred  Morris'  conment.  We  are  therefore  talking  about  com- 
pletely different  formulas  and  a completely  different  methodology  In  which  we  are  not  Interested 
particularly  In  the  a priori  defect  distribution.  However,  I think  the  generation  of  the  relia- 
bility accept/reject  model  Is  relatively  straight  forward,  but  It  is  different  than  the  ones 
Charlie  and  I described.  I think  if  you  worked  It  out,  one  stage  says  this  Is  the  way  the  thing 
breaks . 

Dave  Kaelble:  1 might  just  go  one  more  step  toward  composite  system  response  Involving  polymers.  This 
step  Is  a very  simple  system  response  model  that  contains  the  types  of  statements  which  were 
previously  detailed  for  a single  subphase.  If  one  says  that  one  has  a system  of  phases,  one  ran 
describe  them  In  the  conventional  statement  for  reliability  of  a system  response  of  several  phases. 
You  can  also  describe  the  system  moduli  In  terms  of  the  modulus  for  a series  comblnatlor.  The 
product  of  these  become  the  reliability  modulus.  The  same  thing  can  be  done  In  parallel  and 
combined  to  produce  a hybridized  series  parallel  model.  Now  this  has  been  developed  without  the 
reliability  argument  by  Malpin  as  a composit  analog  model.  It  Is  very  useful  In  early  phases, 

I.e.,  before  you  come  to  a discrete  laminate  theory.  One  can  do  a lot  of  design  optimization 
within  ihe  scope  of  such  a model.  That's  the  kind  of  picture  1 have,  that  If  one  were  wi’rking 
toward  a discrete  design  for  composites,  let's  say  fiber  reinforced  composites,  one  would  use  that 
kind  of  a nxjdel  as  a prelude  to  an  exact  finite  element  model  with  discrete  mechanisms  for  pro- 
babilistic failure  built  within  it. 

Steven  Wallace  {Union  Carbide):  I do  experimental  van'k  In  measuring  adhesive  bonds.  One  of  the  things 
that  bothers  me  Is  that  there  are  no  standards.  It  would  appear  that,  with  many  organizations 
being  interested  in  this  field,  that  the  Air  Force  Materials  Lab  would  want  to  have  standards.  It 
appears  that.  If  you  don't  have  these  standards,  that  It  Is  every  man  on  his  own.  1 don't  know 
how  many  other  people  feel  this  Is  a problem,  hut  standards  have  always  been  a real  problem  with 
us  In  bond  work. 

Robert  L.  Crane:  NASA  did  some  work  In  the  area  of  stamlards.  No  one  was  particularly  Interested.  A 
principal  problem  was  that  the  materials  change.  For  example  if  I want  to  buy  aluminum  7075,  1 ran 
call  Alcoa  or  call  any  place  1 want  and  they  arc  going  to  give  me  7075  within  a very  narrow  range 
or  composition,  within  a very  narrow  range  of  mechanical  properties.  Rut  If  1 want  to  buy  an 
adhesive,  any  adhesive,  I can't  guarantee  that  what  1 have  today  Is  what  I am  going  to  have  next 
week.  One  organization  who  has  done  more  work  in  this  area  than  anybody  else  has  been  MiDonald- 
DouglaS,  St.  Louis  on  the  F-15  program.  It  was  many  nwny  years  before  they  could  standardize  the 
adhesive  for  the  bonding  of  the  boron  epoxy  congiosltes  f,  r fFie  vert  leal -horl  zontal  stabilizer  to 
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the  met«l  substructure.  They  yot  Into  lots  of  legal  problems  when  they  began  to  take  apart  the 
epoxies  and  characterize  exactly  what  they  were.  The  supplier  was  very  cautious  because  It  was 
all  protected  by  proprietary  rights.  They  don't  patent  It,  and  It  Is  all  trade  secrets.  It 
changes  dramatically  from  day  to  day  and  that's  the  reason  why  the  standards  didn't  make  any  sense. 
Things  change  so  rapidly  that  I couldn't  depend  upon  n\y  standard. 

Oave  Kaelble:  The  bond  Is  a composite.  You  have  the  Independent  responses  of  polymeric  subphases. 

One  finds  It  If  you  examine  It.  It  Is  being  done  now,  lot-to-’ot  variations  In  polymeric  material 
Inputs.  There  Is  an  area  of  large  variability  In  that  alone. 

Robb  Thomson,  Chairman:  Any  further  discussion  of  failure  modes  In  composites? 

Fred  Morris:  A typical  failure  mode  of  a graphite  fiber  epoxy  component  In  fatigue  Is  to  have  crazing 
of  the  epoxy  followed  by  a delamlnatlon,  a cracking  which  proceeds  from  laminar  defects  In  the 
layup  planes  subsequently  followed  by  failure  of  the  matrix  In  the  piles  that  don't  have  fibers 
In  the  direction  of  the  stress.  Now,  If  you  likened  the  crazing  to  an  Initiation  process  In 
metals,  I think  It  Is  fair  to  say  we  know  very  little  about  how  that  proceeds  and  couples  Into 
crack  development  from  the  defects.  It  should  be  pointed  out  that  these  defects  are  often  gross 
compared  to  what  we  are  looking  at  In  metals.  It's  not  unconnon  to  see  defects  of  the  size  of  a 
centimeter  across  or  more.  In  many  cases  the  time  to  Initiation  can  be  practically  zero  and  we  are 
strictly  In  a propagation  based  failure  situation  where  the  main  challenge  Is  to  be  able  to  find 
the  defects  amid  background  clutter  that  Is  always  present  from  the  non-unI formi ties  of  the 
composite  material.  Much  has  yet  to  be  learned  about  the  coupling  between  the  crazing  aspects 
of  the  Initiation  process,  the  subsequent  development  of  a crack  at  a defect  site  and  a plane  of 
delamlnatlon,  and  the  composite  material  parameters  as  affected  by  the  moisture  content  of  the 
material . 

Robb  Thomson,  Chairman:  May  1 ask  you  a question?  Does  this  mean  that  wu  feel  at  this  stage  the  most 
crucial  thing  Is  the  understanding  of  the  physical  processes  of  failure  modes  or  Is  It  in  some 
other  aspects,  for  example,  development  of  Instrumentation  for  the  detection  of  defects? 

Fred  Morris:  I think  we  know  very  little  about  failure  modes  In  composite  as  compared  to  what  we  know 
about  metallic  failures.  I think  we  are  easily  5 years  behind  In  understanding  the  details  of 
failure  modes.  Of  course,  1 have  been  lobbying  heavily  for  looking  more  closely  at  the  Initiation 
failure  mode  aspects  In  metals.  That  hasn't  been  touched  In  composites.  Propagation  requirements 
In  composites  also  need  further  work. 

Robb  Thomson,  Chairman:  Any  other  opinions  on  this  point? 

David  S.  Dean  (P.E .R.M.E . ) : I would  like  to  back  up  what  has  been  said.  We  have  recently  been 
testing  carbo..  fiber  rocket  motor  cases  and  It  Is  extremely  difficult  to  find  anybody  who  can 
tell  you  exactly  what  Is  required  of  the  testing  equipment.  We  have  subjected  these  to  a whole 
series  of  tests:  ultrasonic,  x-ray  and  acoustic  emission  tests  and  to  date,  1 don't  think  we  are 
very  near  to  being  able  to  predict  which  cases  are  really  going  to  fall  in  service  and  which  are 
not. 
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This  paper  presents  an  overview  of  the  ARPA/ 
AFML  Program  for  Quantitative  Ultrasonic  Flaw 
Characterliation  which  will  serve  as  a framework 
to  Interrelate  the  papers  which  follow.  Work 
supported  by  the  ARPA/AFML  program  will  be  pri- 
marily discussed.  However.  It  should  be  noted 
that  other  work  has  also  played  an  important 
role  In  the  development  of  this  body  of  knowledge 
and  will  be  cited  In  a more  comprehensive  review 
paper  to  be  published  elsewhere. 

Figure  1 sunnarlzes  the  basic  NUE  Decision 
Process,  as  has  been  presented  in  previous  papers 
by  Rau'  and  Evans*.  Therein  are  Indicated  the 
three  types  of  Information  which  are  needed  to 
estimate  the  expected  lifetime,  or  probability  of 
failure,  of  a part,  lit  is  assumed  that  the  part 
design  and  service  conditions  are  known  and  fixed 
parameters.)  First,  the  naturally  occurring  flaw 
distribution  should  be  known.  This  is  then  con- 
ditioned by  the  results  of  non-destructive  measure- 
ments to  produce  a sharpened,  more  accurate  estimate 
of  the  flaw  sizes  likely  to  be  present.  Finally, 
failure  models  must  be  used  to  predict  the  range 
of  lifetimes  which  are  consistent  with  the  esti- 
mated flaw  distribution.  Ihls  Information  most 
then  be  combined  with  economic  data  to  define  the 
Accept/Reject  criteria  which  minimizes  the  total 
costs  of  the  system.  The  role  of  Quantitative 
Not  Is  to  provide  the  most  accurate  data  possible 
regarding  the  flaw  size  "a".  This  sharpens  the 
functions  Pla/m),  P(n),  and  $ shown  In  Fig.  1, 
and  thereby  reduces  system  costs. 
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rig.  1.  Quantitative  analysis  of  NOt  decision 
process 

This  paper  reviews  ultrasonic  techniques 
which  have  been  developed  for  application  to  inter- 
ior flaws  and  which  are  described  In  the  papers 
limiediately  following.  Similar  work  directed 
towards  the  ultrasonic  and  electromagnetic  char- 
acterization of  surface  flaws  Is  described  else- 
where in  these  Proceedings. 

One  of  the  reasons  why  It  is  difficult  to 
develop  measurement  techniques  which  sharpen  the 
distribution  Pia/m)  Is  Illustrated  in  Fig.  i. 

A pulse-echo  ultrasonic  measurement  Is  shown  for 


two  cases.  The  upper  sketch  shows  a planar  flaw 
oriented  parallel  to  the  surface  which  will  pro- 
duce a large  backscattered  signal.  For  the  in- 
plane loading  shown,  this  flaw  will  have  a size 
"a"  of  essentially  zero.  The  lower  sketch  shows 
a similar  flaw  rotated  90°  which  produces  a much 
weaker  ultrasonic  reflection.  For  the  In-plane 
loading,  this  flaw  will  be  much  more  likely  to 
fall  as  "a"  Is  equal  to  the  full  flaw  radius. 

If  the  an^illtude  of  the  ultrasonic  echo  is  used 
as  the  Indicator,  one  finds  that  It  Is  Inversely 
related  to  flaw  severity.  It  is  thus  necessary 
to  derive  more  information  from  the  ultrasonic 
signal  so  that  the  flaw  severity  can  be  more 
precisely  determined. 
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Fig.  2.  Inverse  relationship  between  ultrasonic 
pulse-echo  data  and  flaw  severity. 

(a)  Flaw  parallel  to  surface  produces 
large  signal  but  is  not  a severe  struc- 
tural defect. 

lb)  Flaw  normal  to  surface  produces  weak 
signal  but  can  be  a serious  structural 
defect . 

Figure  3 illustrates  the  methodology  used  to 
develop  techniques  which  can  deduce  this  informa- 
tion from  the  ultrasonic  signals.  It  is  first 
necessary  to  establish  an  understanding  of  the 
Interaction  of  the  ultrasonic  energy  with  the 
flaw.  Ihls  is  done  In  a classical  manner  by  com- 
paring theory  and  experiment.  Once  sufficiently 
accurate  models  are  available,  they  can  be  used 
as  the  basis  for  solution  of  the  Inverse  problem. 
This  addresses  the  problem  of  the  greatest  practical 
Importance:  How  does  one  identify  the  properties 
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of  an  unknown  flaw  froai  measurements  of  the  scat- 
tered uUrasonk  fields?  The  solutions  of  the 
Inverse  problem  take  the  form  of  predictors  which 
convert  experimental  data  into  numerical  flaw 
parameters  to  be  used  in  fracture  mechanics  models. 
The  final  step  is  the  verification  of  these  re- 
sults on  controlled  samples.  When  this  has  been 
completed,  the  techniques  are  available  for  more 
extensive  verification  evaluation  on  a statis- 
tically siqnificant  set  of  samples. 


loaimtwiM  loeMitM  iimiiii 


Fig.  3.  Methodology  for  developing  quantitative 
NDt  techniques. 

The  remainder  of  the  paper  will  amplify  these 
concepts  and  discuss  the  specific  approaches  that 
have  been  adopted  within  the  individual  building 
blocks,  turning  first  to  the  theoretical  studies, 
there  are  two  basic  objectives.  The  theory  not  only 
provides  insight  into  the  flaw-ultrasound  inter- 
action, but  also  serves  as  the  "kernel"  for  the 
invasion  procedure. 

Figure  4 illustrates  llie  former  use.  Here 
orthographic  projections  of  angular  contours  of 
equal  scattering  Intensity  are  shown  for  a spheri- 
cal flaw  and  an  oblate  spheroid  (pancake)  f’aw. 

These  calculations  were  performed  by  the  Cornell 
group,  led  by  Prof.  J.  krumhansl  and  are  based 
upon  the  Born  approximation.’  The  different  shad- 
ings indicate  varying  strenoths  of  ultrasonic  scat- 
tering. For  the  case  of  an  incident  longitudinal 
wave,  it  Is  seen  that  the  sphere  produces  symmetric 
scattering  patterns  with  longitudinal  scattering 
strongest  near  the  backscattered  direction  and 
mode  converted  transverse  wave  scattering  strongest 
at  angles  approaching  90".  For  the  case  of  the 
oblate  spheroid  whose  normal  is  inclined  at  AS" 
with  respect  to  the  direction  of  incidence,  the 
results  are  similar  to  those  which  would  be 
expected  on  the  basts  of  specular  reflection.  The 
longitudinal  wave  is  most  strongly  scattered  near, 
though  not  exactly  at,  the  specularly  predicted 
downward  direction.  The  nK>de  scattered  signal  is 
also  greatest  in  this  direction. 

The  fact  that  these  are  approximate  results 
should  be  reemphasijed.  An  important  part  of  the 
program  philosophy  has  been  to  pursue  approxinvite 
techniques,  which  can  be  applied  to  fairly  general 
flaw  shapes,  rather  than  to  seek  exact  solutions 
which  are  tractable  for  a much  smaller  set  of 
flaws.  It  is  roc ogn lied,  however,  that  the  latter 
are  quite  important  for  both  the  detailed  infortiM- 
tion  which  they  contain  and  for  calibrating  the 
approximations. 
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Fig.  4.  Contours  of  equal  scattering  intensity  for 
spherical  and  oblate  spheroidal  cavities. 


Figure  5 illustrates  the  second  role  of  the 
theory  which  is  to  serve  as  the  basis  for  solutions 
of  the  inverse  scattering  problem.  This  is  an 
adaptation  of  an  analysis  previously  developed  by 
Gubernatis.*  It  is  noted  that  the  ultrasonic 
scattering  is  a function  of  both  the  ratio  of  flaw 
size  to  wavelength  and  of  the  strength  of  the 
perturbation  in  elastic  constants,  or  density,  of 
the  flaw.  This  functional  dependence  may  be  gen- 
erally described  by  a double  power  series  in  the 
two  parameters  (the  tensor  nature  of  "c"  is  suppres- 
sed in  this  discussion  for  simplicity). 


Approximations  have  been  developed  during  the 
ARPA'AFML  Progriim  which  may  be  mathematically'des- 
cribed  by  a sum  of  selected  elements  of  this 
series.  As  will  be  discussed  later,  these  solu- 
tions provide  both  insight  into  the  f law-u I trasound 
interaction  and  serve  as  a basis  for  simplification 
of  the  Inversion  process. 


The  first  approximation  developed  was  the 
Born  approximation.*  Ihe  basic  assumption  is 
that  the  change  in  properties  is  small,  so  that 
the  resulting  expression  is  equivalent  to  including 
only  those  terms  of  the  double  senes  which  are 
linear  in  ,V/c.  Inspection  of  the  closed  form 
expressions  for  this  sum  show  that  it  can  be 
directly  related  to  the  spatial  Fourier  transform 
of  the  object  shape  function.  Within  this  regime, 
the  obvious  strategy  for  inversion  is  to  gather 
enough  data  to  be  able  to  evaluate  the  inverse 
Fourier  transform. 


Though  of  broad  ultlity.  the  Born  approx i- 
axition  breaks  down  for  strongly  scattering  flaws 
As  a renx'dy.  the  Quasi-Btatic  approximation  was 
developed*  , which  is  correct  at  long  wavelengths 
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flaws,  9eometr1,.a1  diffraction  theory*  , applicable 
to  crack-IlKe  flaws  at  short  wavelengths,  and 
scattering  matrix’ •'*  calculations.  The  latter  Is 
somewhat  unique  In  that  It  provides  essentially 
exact  results  for  a variety  of  cases.  As  Indicated 
by  the  solid  i broken)  checks,  those  models  have 
been  (are  In  the  process  of  being)  used  as  the  basis 
of  Inversion  techniques  to  be  discussed  in  greater 
detail  at  the  end  of  this  paper.  In  addition,  all 
have  provided  important  Insights  such  as  new  tech- 
niques for  distinguishing  signatures  of  crack-llke 
and  volumetric  flaws.'* 
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fig.  b.  Summary  of  theoretical  approaches  and 
their  uses  In  Inverting  data. 


EXTENDED  OUASI-STATIC  APPROXIMATION 
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» KEV  ADDITIONAL  HIGHER  ORDER  TERMS 

fig.  5.  Relationships  between  approximation  models 
for  elastic  wave  scattering. 

for  all  flaws.  In  the  power  series  representa- 
tion, this  amounts  to  a sum  of  all  terms  quadratic 
In  the  (ka)  variable,  (ihe  linear  terms  vanish 
Identically.)  The  sum  of  the  coefficients  Is  the 
long  wavelength  coefficient,  which  will  sub- 
sequently be  shown  to  contain  much  Important  flaw 
Information  which  can  be  used.  In  some  cases,  to 
directly  determine  the  stress  Intensity  factor  from 
ultrasonic  measurement. 

The  final  approximation  Illustrated  In  Fig.  b 
is  the  extended  quastl-static  approximation.’  ihls 
Is  an  ad  hoc  combination  of  the  former  two  which 
Is  rigorously  correct  In  both  the  long  wavelength 
limit  for  all  perturbations  and  In  the  weak  scat- 
tering limit  for  all  frequencies.  In  addition  to 
the  specific  terms  associated  with  the  two  pre- 
viously discussed  models,  the  quasl-statlc  approxi- 
mation contains  selected  higher  order  terms  from 
the  double  power  series  which  quantitatively 
appear  to  Improve  Its  accuracy.  The  Inversion 
work  of  Rose*  Is  based  on  this  model  as  will  be 
discussed  in  a subsequent  paper. 

Figure  b reemphasizes  the  relationship  of 
the  approximate  scattering  models  to  the  Inversion 
procedures  being  developed  In  this  program.  In 
addition  to  the  three  models  Just  discussed,  work 
has  been  done  In  the  area  of  the  distorted  wave 
Born  approximation'',  aimed  at  Irregularly  shaped 


Ihe  theoretical  developments  were  supported, 
and  often  guided  by  experiments  on  controlled  sam- 
ples. Ihese  were  fabricated  using  the  diffusion 
bonding  procedure  developed  by  PaLon"  and  Illus- 
trated In  riq.  7.  This  has  enabled  us  to  place 
cavities,  or  Inclusion,  at  the  center  of  an  other- 
wise homogeneous  piece  of  material.  Ihe  sample 
Initially  is  made  of  two  halves  with  mating  flaw 
sections.  After  bonding,  grain  growth  across  the 
boundary  essentially  returns  the  material  to  a homo- 
geneous condition  with  only  the  flaw  renvilnlng. 

Initial  work  was  focused  on  ellipsoidal  shaped 
cavities,  selected  because  of  the  ease  with  which 
they  could  be  theoretically  modeled  coupled  with 
the  fact  that  they  approach,  as  a limiting  case, 
a crack.  Hore  recently,  this  crack  limit  has  been 
actively  explored  by  constructing  thinner  and 
thinner  discs  by  a variety  of  techniques.  Very 
promising  results  have  recently  been  obtained  hy 
placing  ythia  powder  at  a diffusion  bonded  Inter- 
face. It  has  long  been  known  that  this  contamln,i- 
tlon  would  Inhibit  bonding.  It  was  not  clear,  how- 
ever, whether  the  deformation  occurring  during 
bonding  would  place  the  treated  region  In  com- 
pression and  thereby  cause  It  to  behave  as  a ythia 
Inclusion  rather  than  a crack.  Fortunately,  ultra- 
sonic measurements  Indicate  that  the  flaw  does.  In 
fact,  act  like  a crack,  and  this  looks  like  a very 
useful  way  to  model  this  important  class  of  flaws. 

Experimental  measurements  by  Adler”,  Tltt- 
mann”  and  Elsley”*”  have  been  performed  on  these 
controlled  samples  with  a variety  of  objectives. 
First,  the  data  have  been  used  as  a guide  for  the 
theoretical  development  and  a check  of  the  accuracy 
of  the  resulting  approximations.  This  has  been 
particularly  important  since  exact  theoretical 
solutions  have  only  been  available  for  "calibration" 
of  approximate  models  In  a few  special  cases.  A 
further  role  of  experiment  has  been  to  provide  test 
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Fig.  7.  Summary  of  defect  shapes  produced  by 
diffusion  bonding. 

data  to  be  used  as  Input  to  evaluate  the  inversion 
procedures.  Finally,  the  experience  gained  in 
developing  precise  measurement  techniques  for  these 
purposes  will  lead  to  Improved  measurement  pro- 
cedures for  field  use. 

Figure  8 Illustrates  the  use  of  experiment  to 
check  and  guide  the  theory.  Here  the  angular 
dependence  of  the  backscattered  signal  from  a 4U0 
X 800  urn  oblate  spheroidal  cavity  Is  plotted  as  a 
function  of  angle.”  The  theory  Is  the  Born 
approximation,  averaged  over  the  frequency  content 
of  the  pulse.  Ihls  both  simulates  the  pulse  res- 
ponse from  the  monochromatic  theory,  and  aUo  sup- 
presses some  of  the  detailed  freiuency  response 
known  to  be  Inaccurate  In  this  model.  Ihe  agreement 
Is  quite  good,  which  Is  somewhat  surprising  In  view 
of  the  large  change  In  properties  presented  by  the 
cavity  which  place  It  outside  the  expected  range  of 
convergence  of  the  Born  approximation,  buch  agree- 
ments have  demonstrated  the  utility  of  relatively 
simple  models  and  have  allowed  an  early  considera- 
tion of  the  Inverse  problem. 

The  Inversion  techniques  under  consideration 
are  summarized  In  Fig.  9.  These  have  been  classi- 
fied In  terms  of  their  domain  of  application  as 
measured  In  ka  values.  As  a reference,  the  sketch 
at  the  bottom  superimposes  these  regions  on  a 
plot  of  the  frequency  variation  of  the  signal  back- 
scattered  from  a sphere.  At  high  frequencies, 
ka  > 6.3,  an  Image  will  resolve  the  gross  structure 
of  the  flaw  since  the  diffraction  limited  spot 


Fig.  8.  Comparison  of  pulse-echo  data  as  a func- 
tion of  polar  angle  with  predictions  of 
8orn  approximation  itaklnq  into  account 
transducer  bandwidth). 

size  Is  less  than  the  flaw's  radius.  Under  such 
conditions,  the  high  information  content  and  ease 
of  interpretation  make  this  the  preferred  mode  of 
data  processing  and  presentation.  When  the  flaw 
size  and/or  material  attenuation  make  is  Impossible 
to  reach  this  high  frequency  limit.  It  Is  necessary 
to  make  use  of  specific  knowledge  of  the  flaw- 
ultrasound  Interaction.  For  ka  ^3,  It  Is  still 
possible  to  reconstruct  the  flaw  shape  by  Incor- 
porating a physical  model  Into  the  data  processing 
to  Increase  resolution.  At  longer  wavelengths, 
there  Is  not  sufficient  Information  to  fully 
reconstruct  a flaw.  However,  adaptive  learning 
networks  have  proven  successful  in  the  difficult 
regime  of  ka  ' 1 In  which  the  flaw-ultrasound 
Interaction  Is  quite  rich  In  structure,  as  shown 
In  the  sketch  at  the  bottom. 

Even  at  long  wavelengths,  ka  vO.5,  it  has 
been  possible  to  measure  a number  of  quite  Impor- 
tant flaw  parameters.  Including  In  certain  cases 
the  stress  Intensity  factor.  The  results  go 
against  intuition,  and  appear  to  have  considerable 
potential  for  practical  application. 

Figure  10  suimiarlzes  the  two  approaches  to 
imaging  under  consideration.  Kino”  Is  developing 
a synthetic  aperture  system  In  which  a single 
transducer  Is  scanned  over  the  surface  of  the  part. 
At  each  location,  pulse-echo  data  Is  stored  and 
subsequently  combined  to  form  the  Image.  This 
recombination  is  accomplished  by  the  superposition 
of  the  waveforms  with  appropriate  time  delays. 
Lakin”  Is  considering  a slightly  different 
approach.  His  system  uses  a tone  burst  rathir 
than  impulsive  excitation  and  Images  are  con- 
structed by  a phased  superposition  of  the  signals 
received  at  a transducer  array  In  a fashion  equi- 
valent to  holography.  Both  techniques  have  the 
advantageous  features  that  a)  the  Image  of  any 
plane  can  be  reconstructed  once  the  data  has 
been  collected  and  b)  modern  advances  In  Integrated 
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circuitry  «rt  being  1ncorpor«te<1  to  meke  pr«cttc«l 
advanced  signal  processing  procedures. 
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Fig.  9.  Sumnary  of  Inversion  techniques. 
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Fig.  10.  Sumnary  of  Imaging  techniques. 


blelstein  and  Cohen"  aivd  Rose*  have  developed 
model  based  reconstruction  algorithms  based  on  a 
careful  analysis  of  a forward  scattering  model. 

In  each  case,  they  consider  the  processing  of 
backscattered  data.  Blelstein  and  Cohen  base 
their  results  on  a physical  optics  model  and  dc 
their  processing  in  the  time  domain.  Rose  bases 
his  work  on  the  extended  quasi-static  model  and 
does  his  processing  In  the  transform  domain.  In 
each  case  a reconstruction  of  the  flaw  shape 
results  with  somewhat  Improved  resolution  over 
that  of  a simple  Image. 

Figure  1 1 shows  an  example  of  the  reconstruc- 
tion of  a spherical  cavity  using  the  procedure 
of  Rose.  The  dashed  line  Indicates  the  actual 
result  and  the  solid  lines  shown  the  output  of  the 
algorithm.  For  this  measurement,  ka  ' 5,  and  It 
can  be  seen  that  the  sharpness  of  the  edge  was 
equivalent  to  a considerable  better  resolution. 


Fig.  11.  Comparison  of  calculated  and  exact 

characteristic  function  for  a spherical 
cavity  based  on  Born  Inversion. 

When  ka  ' 1 , the  flaw-ultrasound  Interaction 
Is  quite  complex,  and  analytical  solution  of  the 
Inverse  problem  has  not  yet  been  possible.  Here, 
adaptive  learning  procedures  have  proven  fruitful, 
as  Illustrated  In  Fig.  1^.  Whalen  and  Hucclardl" 
have  used  theoretical  waveforms  as  a basis  for 
training  their  networks  and  have  then  tested  the 
result  on  experimental  data.  This  approach  has 
the  advantage  that  expensive  sets  of  samples  with 
a wide  variety  of  flaws  are  replaced  by  theoreti- 
cal expressions  In  the  training  process.  Early 
results  based  on  the  Bom  approximation  were  quite 
encouraging  and  the  results  obtained  with  other 
Improved  models  are  presented  In  this  volume." 

One  of  the  newest,  and  most  exciting  Inversion 
procedures  Is  the  long  wavelength  *echn1que  deve- 
loped during  the  last  year.  This  has  been  the 
result  of  the  efforts  of  many  contributors.  The 
early  theoretical  work  was  performed  at  the  ARPA 
Materials  Research  Council  by  ,1.  Rice,  B.  Budlanski 
and  W.  Kohn.  This  Is  sunmarl/ed  by  Rice"  In  this 
volume.  Richardson"  and  Khurl-Yakub  and  kino" 
further  discuss  the  theory  and  present  experimental 
verifications  for  the  cases  of  bulk  and  surface 
flaws  respectively. 
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UT  AAVEfORMS  USING  AlN  Rl CORDED  NETVfORKS 
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Fig.  12.  Adaptive  learning  approach  to  inversion. 

Figure  13  presents  the  basic  principles.  At 
a particular  angle,  the  parameter  A is  defined  as 
the  coefficient  of  the  leading  quadratic  term  of 
a frequency  power  series  expansion  of  the  scat- 
tered fields.  From  values  of  this  parameter 
measured  at  a set  of  angles,  it  is  possible  to 
estimate  fracture  critical  parameters  including, 
in  certain  conditions,  the  stress  intensity  factor. 
Advantages  include  high  leverage  on  the  experi- 
mental data  and  insensitivity  to  minor  shape  per- 
turbations. 

Figure  14  presents  the  results  of  the  use  of 
this  technique  to  measure  the  site  of  an  ellipsoidal 
cavity  in  a diffusion  bonded  titanium  sample.*' 

Not  only  is  the  400  pm  value  accurately  determined, 
but  the  standard  deviation  of  the  estimate  is 
extremely  small  due  to  the  previously  cited  high 
leverage  on  the  data. 

As  the  research  advances  In  these  areas,  the 
need  for  practical  demonstrations  under  practical 
constraints  presents  itself,  ihis  is  being  ad- 
dressed by  Addison*’  in  the  Test  Bed  Program,  which 
is  coupled  to  the  Quantitative  Flaw  Definition 
Program  as  shown  in  Fig.  15.  This  will  lead  to 
the  demonstration  of  the  utility  of  the  techniques 
in  siting  flaws  and  prediction  lifetimes  for  a 
number  of  practical  geometries  and  conditions. 

Other  applications  to  the  Inspection  of  ceramic 
components  are  also  developing  rapidly.’**” 


• MEASURES  few  KEY  FLAW  PARAMETERS  INCLUDING 
Kjj.  FOR  CRACKS. 

• HIGH  LEVERAGE  ON  DATA 

• INSENSITIVE  TO  MINOR  SHAPE  PERTURBATIONS. 


Fig.  13.  Principles  of  long  wavelength  measurements 
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Fig.  14.  Long  wavelength  measurement  of  site  of 
oblate  spheroid. 


Finally,  the  same  conceptual  framework  is 
being  applied  to  the  problem  of  quantitative  char- 
acterization of  surface  flaws  using  both  electro- 
magnetic and  ultrasonic  techniques.  Results  are 
presented  in  Session  IV,  tddy  Current  Techniques, 
and  Session  Xllt,  Surface  Measurements,  of  the 
Proceedings. 
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Fig.  IS.  RoatAnap  of  Test  Bed  Program  showing 
coupling  to  Program  for  Quantitative 
Flaw  Definition. 
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DISCUSSION 


George  Wiley  (unidentified):  In  the  Born  approximation,  what  was  the  frequency  compared  to  the  site  of 
the  defect? 

Bruce  Thompson  (Science  Center):  l believe  that  it  was  5 megahertt  data.  Kr  was  probaoly  about  some- 
where between  I and  3. 

Bernard  Tittmann  (Science  Center;:  The  defect,  that  we  are  taUing  about,  was  an  ellipsoid  witn  an 
aspect  ratio  of  2 to  I ellipsoid,  800  by  400um  major-minus  axis  and  the  'reguency,  indeed,  was 
5 megahertz. 
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ABSiRACT 


Developments  over  the  past  several  years  have  led  to  renewed  study  of  theoretical  methods  for  treat- 
ing scattering  of  ultrasound  by  defects  In  elastic  solids.  Characteristically,  many  theories  of  scattering, 
until  a few  yeay-s  ago.  dealt  with  scalar  waves  and  simple  obstacles.  Within  that  context  two  distinct 
regimes  were  apparent  --  the  long  wave  length,  and  the  short  wave  or  Imaging  regime.  The  treatment  of 
vector  fields  In  elastic  solids  Is  considered  the  more  cumbersome,  but  we  now  have  made  progress  --  still 
for  Ideallted  configurations.  Specifically,  the  talk  will  deal  with  hypotheses  on  the  types  of  problems 
which  face  us  In  the  next  generation  of  situations. 


As  the  abstract  indicates,  the  remarks  to  be 
given  In  this  talk  are  retrospective  rather  th.in 
constituting  a report  of  a particular  current  piece 
of  research.  Perhaps  the  history  and  the  flow  of 
emphasis  may  be  of  use  In  giving  us  some  Idea  of 
what  has  been  accomplished  and  what  might  be  looked 
for  In  the  next  phase  of  this  very  interesting  area. 

Before  going  further,  however,  I have  to  ac- 
knowledge my  colleagues.  Gubernatis,  Domany,  Rose. 

Tel  tel  and  several  other  students  at  Cornell  have 
contributed  significantly  to  this  work.  Stimulating 
Interactions  with  kohn,  Budlansky,  Rice,  and  kino, 
among  others  at  the  Materials  Research  Council, have 
also  been  extremely  useful. 

In  1973  at  the  first  workshop  meeting  for  this 
group,  the  point  was  made  that  much  of  the  experi- 
mental work  that  was  being  done  was  interpreted 
using  acoustic  wave  results.  Examples  of  scatter- 
ing which  had  been  studied  were  given  which  showed 
that.  In  fact,  these  scalar  wave  Interpretations 
gave  exactly  wrong  results  for  some  Important  dir- 
ections of  scattering.  This  experience  really  set 
the  stage  for  what  I am  reviewing  here. 

The  Cornell  group  began  its  effort  by  attempt- 
ing to  place  these  results  In  context. with  some  of 
the  other  approaches  that  have  been  carried  out  In 
the  past.  Clearly,  elastic  wave  scattering  has 
been  one  of  the  most  venerable  problems  in  mathe- 
matical physics.  A partial  Inventory  of  some  use- 
ful technigues  include:  partial  wave  expansions, 
the  collection  of  groups  of  these  partial  waves  to 
form  a T-matrix  (i.e..  transition  matrix,  using 
quantum  mechanical  terminology).  Integral  equation 
techniques,  reciprocity  methods,  variational  methods, 
and  geometric  diffraction  methods.  There  are  two 
regimes  that  must  be  considered  In  choosing  a method: 
the  short  wave  regime,  which  Is  the  Invxglng  regime, 
and  the  long  wave  length  regime.  In  which  the  dif- 
ferences between  the  acoustic  and  the  elastic  cases 
are  most  pronounced.  The  guestlon  is  "which  method 
should  you  use  In  which  regime?" 

Our  feelings  are  quite  definite  as  regards  the 
purposes  at  hand.  We  are  concerned  with  applied 
physics  and  engineering  applications.  There  is 
another  closely  related  enterprise,  namely  mathe- 
matical physics  and  applied  mathematics.  In  engi- 
neering, a useful  theoretical  framework  should  be 
one  In  which  physical  intuition  or  engineering 
data  can  be  entered  as  conveniently  as  possible. 

On  the  other  hand.  It  may  well  be  that  the  method 
Is  agproximate  and  the  limits  of  that  approxlma t Ion 
*^r'esentTy  at  the  National  Science  Foundation. 


have  to  be  known.  Eor  that  reason  It  is  important 
that  one  have,  as  a resource  from  mathematical 
physics,  some  exact  solution  to  the  problem. 

For  that  reason,  we  examined  this  set  of 
possible  methods  and  chose  to  concentrate,  at 
least  in  the  Initial  phase,  on  the  Integral  equa- 
tion method.  The  partial  wave  expansion.  Including 
work  by  Ting  and  Truel'  . and  the  matrix  work  by 
Pao  and  Varadan’ . all  furnish  an  Important  refer- 
ence for  the  theoretician  and,  eventually,  for 
the  experimentalist.  However,  the  point  about 
the  integral  equation  methods  and,  more  recently, 
the  reciprocity  methods,  to  which  I will  just 
refer  briefly  because  kino’  and  AulJ*  will  develop 
these  In  detail.  Is  that  engineering  data  or 
physical  Intuition  can  be  entered  relatively 
easily . 


Given  that  motivation  as  a background,  we 
now  write  down  the  key  eguatlon  and  Indicate  the 
strategy  which  has  been  formulated,  particularly 
by  Gubernatis’ , In  going  about  solving  It  at  two 
levels  of  approximation.  At  the  frequency 
the  scattering  process  Is  described  by  the  inte- 
gral equation 
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where  G..  is  the  Green's  function  (response  func- 
tion) si^l spying 
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In  the  above  expressions,  U.(r)  Is  the  total  dis- 
placement field  and  lij(r)  is  the  so-called  Inci- 
dent displacement  field,  which  would  equal  the  above 
total  field  if  no  scatterer  were  present.  In  the 
scatterer  domain  R we  assume  that  the  property 
deviations  are  un1''prm,  I.e.,  the  density  deviation 
fip  and  the  elastic  tensor  deviation  ^ce 

independent  of  i*  In  R.  The  host  materiaT  is  of 
course  charactericed  bv  the  unperturbed  density 
P and  elastic  tensor  C.  . Where  convenient  we 
have  used  Indiclal  notation  In  which  the  subscripts 
1,  j,  k ...  represent  the  Cartesian  directions  and 
in  which  repeated  Indices  Imply  sumnvxtion.  A 
coniiia  preceding  a subscript  Implies  differentiation 
with  respect  to  the  coordinate  corresponding  to 


the  subscript  (e.g. , U 
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evaluate  that  integral  one  has  to  specify  the  dis- 
placement, which  is  unknown.  This  is  where  the 
approximations  begin.  In  contrast  to  the  partial 
wave  method,  it  is  possible  to  enter  into  the 
integrals  of  (1)  -he  best  guess  for  the  displace- 
ment field  U and  strain  U.  ^ in  the  vicinity  of 
the  flaw.  Tnis  turns  out  td  be  very  important  from 
the  point  of  view  of  the  most  recent  developments 
as  regards  cracks  and  fracture  parameters. 

The  system! zation  of  the  perturbation  scheme 
is  illustrated  by  the  first  Born  approximation. 

If  one  assumes  that  the  fields  in  the  integrand 
are  equal  to  the  incident  fields,  then  the  scatter- 
ing is  found  to  be  linear  in  Sp  and  SC..,,.  This 
is  the  simplest  case  of  the  full  systeiHzation  of 
the  perturbation  scheme.  One  can  regard  the  even- 
tual Solution  bv  perturbation  expansions  of  equa- 
tion (1)  as  a procedure  in  which, for  example,  one 
can  order  the  terms  according  to  powers  of  Spo?  or, 
in  another  way,  in  terms  of  powers  of  5C. 

If  one  thinks  of  the  derivative  in  the  secind 
integrand  (eq.  1)  as  being  a wave  number,  then  the 
terms  containing  C.-,,  could  be  viewed  as  a gradi- 
ent expansion  in  first  order  strain,  second  order 
strain  end  so  on.  There  are  many  ways  in  which  one 
could  conceive  of  developing  these  terms  as  part 
of  an  approximate  solution.  The  Born  approximation 
is  that  one  in  which  only  first  order  terms  in  6p 
and  are  included. 

The'-e  is  something  else  to  note  about  this 
equation.  The  long  wave  length  limit  does  not 
necessarily  me  e the  Born  approximation  a good 
one  --  a very  important  point.  The  term  propor- 
tional to  5p  vanishes  at  low  or  small  tu  in  the 
exact  case,  as  predicted  by  the  Born  approximation. 
However,  the  term  proportional  to  *C.  .. , must  give 
the  solution  to  the  static  elastic  proolera,  i.e., 
for  0.  This  can  be  understood  by  imagining 
an  applied,  asymptotically  uniform  stress.  If 
the  flaw  happens  to  be  ellipsoidal  in  shape,  one 
uses  the  Esnelby* solution  with  a uniform  internal 
strain.  This  exact  solution  must  be  the  sum  of  all 
of  the  zero  frequency  terms  in  the  expansion  with 
respect  to  This  is  not  the  case  for  the 

Born  approximatTon . 

This  leads  to  a second  approximation,  in 
which  the  incident  displacement  and  the  strain 
fields  appropriate  to  the  exact  solution  around 
the  flaw  in  the  static  limit  are  used  to  evaluate 
the  integral.  This  gives  a result,  the  quasi-static 
approximation,  which  is  rigorously  valid  at  low 
frequency. 

This  formulation  provides  a nice  basis  for 
going  up  higher  and  higher  in  the  order  of  appro- 
ximation. That,  basically,  is  the  motivation  for 
why  we  felt  that  this  approach  is  an  engineering 
approach  as  contrasted  with  a sole  emphasis  on 
exact  results.  It  is  therefore  complementary  to 
the  exact  results  which  can  be  obtained  by  the 
partial  wave  expansion  techniques  which  will  be 
discussed  elsewhere  at  this  symposium. 

An  observation  was  made  by  Gubernatis*  in 
1975  that  the  scattering  can  be,  in  general,  repre- 
sented in  terms  of  a so-called  f-vector,  which 
again  involves  the  basic  parameters.  The  exact 
results  in  the  long  wave  length  limit  were  then 
developed  by  kohn  and  Rice’  to  systematize  the 
interpretation  of  scattering  in  this  regime.  A 


very  important  point  was  the  observation  that  there 
is  richness  in  the  elastic  wave  scattering  which 
simply  does  not  exist  in  the  acoustic  wave  scatter- 
ing and  that  this  richness  has  to  do  with  the 
structure  of  the  term  involving  6C...,.  Using  an 
orderly  procedure  involving  the  maA'ipulation  o1 
tensor  quantities,  Kohn  and  Rice  were  able  to 
specify  a systematic  technique  for  inverting  data 
appropriate  for  this  low  frequency,  long  wavelength 
regime.  In  addition,  other  work  has  been  stimulated 
from  the  long  wave  length  scattering  point  of  view. 
Richardson* has  developed  a probabilistic  inversion 
technique  for  this  regime  in  which  an  exact  low 
frequency  theory  is  used  in  the  modeling  of  the 
scattering  measurements. 

The  appropriate  philosophy  is  that  there  is 
not  a single  best  way.  For  ka  « 1 , the  Born 
approximation’  has  compared  well  with  some  exact 
solutions.  The  quasi-static  scattering  model 
which  uses  the  Eshelby  solution,  is  an  improvement. 
This  has  enabled  one  to  write  down  the  recipe  which 
has  later  developed  into  an  experimental  flow 
diagram  for  looking  for  the  major  properties  of 
flaws.  More  remarkably,  Budiansky  and  Rice”, 
also  in  the  long  wave  length  limit,  are  able  to 
relate  the  scattering  by  a crack  directly  to  the 
critical  fracture  parameters. 

Not  much  has  been  yet  said  about  the  short 
wave  length  limit.  Here  the  integrals  in  the  inte- 
gral equation  (1)  are  evaluated  asymptotically. 

It  could  be  evaluated  by  the  standard  method  of 
constant  phase,  which  leads  to  a series  of  approxi- 
mations, the  simplest  of  which  is  the  Fraunhofer 
approximation.  Keller's  technique''  for  treating 
this  problem  for  other  applications  made  use  of 
certain  canonical  exact  solutions  --  for  example, 
the  Kirchhoff  solution  for  an  edge.  Ihese  were 
used  to  correct  the  simple  Fraunhofer  picture  by 
patching  in  these  singular  edge  fields  at  non- 
analytical  edge  points.  In  the  same  sense,  the 
treatment  of  the  elastodynamics  problem  requires 
some  exact  solutions  and  this  is  the  approach  that 
Achenbach'’  and  his  group  have  developed  in  detail 
in  the  last  few  years.  In  order  to  guide  this 
approximate  technique,  i.e.,  geometric  diffraction 
theory,  one  must  again  have  available  some  exact 
solutions.  Future  interest  will  then  focus  on 
joining  these  two  regimes,  the  long  wave  length 
regime  and  the  short  wave  end  of  the  elastodynamics 
regime. 

As  one  proceeds  further,  the  earlier  methods 
perhaps  seem  primitive  and  indirect.  In  particu- 
lar, it  is  clear  that  the  reciprocity  techniques 
which  Kino*  and  Auld*  have  now  added  to  the  sub- 
ject are  operationally  even  more  oriented  toward 
engineering  because  they  take  the  essence  of  the 
scattering  matrix  right  out  through  the  transducer 
to  the  electrical  tenninals.  Indeed,  this  combines 
the  dynamics,  or  the  response,  if  you  wish,  of  the 
circuitry  with  reciprocity  relations  for  the  elas- 
tic fields.  This  was  again  redeveloped  on  the 
basis  of  earlier  results  obtained  for  electro- 
magnetic fields.  Again,  it  is  possible  to  go 
through  a hierarchy  of  expansions.  As  before  these 
can  be  guessed  at  using  the  incident  field, 
static  deformations,  and  so  on.  The  whole  machinery 
of  entering  in  the  engineering  data  or  physical  intui- 
tion applied  to  the  reciprocity  technique,  with  the 
added  feature  that  the  results  can  be  used  in  the 
Fresnel  as  well  as  the  Fraunhofer  regime. 
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Ihts,  In  a sense,  is  the  history  ot  where  we 
have  heen.  The  prooram  still  has  much  richness  In 
the  nvitter  of  relating  theory  to  more  sophisticated 
interpretations  of  experiments  on  single  defects. 
However,  the  next  step  certainly  ha<  to  be  that  of 
treating  systems  with  many  defects.  This  case  imy 
not  be  so  difficult  in  one  sense.  If  the  spacing 
between  defects  is  very  much  greater  than  the  w.xve 
length,  that  is  the  transit  time'  betwc'en  detects 
is  very  much  greater  than  the  tiansient  time  across 
the  defect,  it  is  clear  that  then  one  can  use  simply 
time  windowing  and  reduce  the  problem  to  that  of, 
essentially,  a single  defect.  That  Is  an  obvious 
thing  to  say  but  It  is  not  necessarily  obvious 
from  the  point  of  view  of  the  mathenHtIcal  physi- 
cist. What  it  means  is  that  one  operates  in  the 
high  freguent.y  limit  as  regards  the  Interdefect 
scattering  even  though  one  mav  be  operating  in  the 
low  freguency  limit  with  respect  to  the  intradefect 
scattering. 

However,  there  is  another  regime  when  the 
spacing  between  the  defects  is  much  less  than  the 
wave  length.  In  that  case  one  has  to  do  an  entire- 
ly different  problem  and  that  problem  probably  can 
get  some  guldartce  from  the  technigues  which  have 
been  used  to  deal  with  the  propagation  of  Schroe- 
dinger  waves  In  disordered  alloys  (so  called  random 
alloys),  in  which  case  it  Is  (Hisslble,  I believe, 
to  consider  effective  buU  elastic  guantitles 
because  the  defect  is  smaller  than  the  wave  length. 
This  places  one  in  the  long  wave  length  regime 
where  one  might  take  the  Rice-Kohn  results  and  do 
a further  averaging  to  develop  a correction  to  the 
propagation  constant  --  an  average  propagation 
constant  of  the  system. 
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DISCUSSION 


Ctien  l44i  (Carneqie-Mflton  Universttyj:  Betnq  a laynun  In  this  fiela,  I wiiuld  likf  to  ask  (Vofessor 

Krumnansl  and  Biu..  f Thompson,  as  well,  a question.  You  have  developeil  and  studied  various  analytical 
techniques  for  calculating  scattering  from  oefects  or  voids  and  1 would  Imagine  that  these  iilnos  ot 
techniques  can  he  also  applied  to  anisotropic  media  in  principle.  Ny  question  Is  whether  these  kinds 
ot  theories  nave  been  used  in  specific  applications  involving  anisotropy. 

James  krumhansl  (National  Science  loundatlon):  1 can  give  you  a partial  answer.  In  the  past,  there  have 
been  calculations  for  the  static  case.  1 think  one  can  see  now  how  the  static  information  can  be 
plugged  Into  the  long  wave  lengtn  scattering  problem.  The  answer  to  your  question,  therefore.  Is 
Yes,  the  Intreqal  equation  technique  can  be  used  in  the  long  wave  length  limit  for  the  statK  rase. 
The  Ureens  function  is  to  be  developed  in  fourler  representation  and  simply  has  to  be  calculated  in 
integral  form  for  an  anisotropic  system.  Jim  Gubernatls  and  1 have  done  this  to  try  to  calculate 
the  elastic  limit.  Now  one  has  to  solve  tne  Greens  function  by  brute  force,  but  I believe  one  can 
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ABSTRACT 

The  direct  problem  of  the  diffraction  of  time-harmonic  waves  by  cracks  in  elastic  solids  is  analyzed 
for  high-frequencies,  wheti  the  wavelengths  are  of  the  same  order  of  magnitude  as  a characteristic  length 
dimension,  a,  of  the  crack.  It  is  shown  that  good  approximations  at  high  frequencies  can  be  obtained  on 
the  basis  of  elastodynamic  ray  theory.  An  elastodynamic  version  of  geometrical  diffraction  theory  is 
briefly  reviewed.  We  also  present  a hybrid  theory,  wherein  the  crack  opening  displacement  is  computed 
on  the  basis  of  geometrical  diffraction  theory,  and  the  scattered  field  is  subsequently  obtained  by  the 
use  of  a representation  theorem.  This  hybrid  approach  avoids  the  difficulties  at  shadow  boundaries  and 
caustic  surfaces  that  plague  a direct  application  of  geometrical  diffraction  theory.  Explicit  results 
are  computed  for  slits  and  penny-shaped  cracks,  and  these  results  are  compared  with  numerical  results 
obtained  on  the  basis  of  exact  integral  equation  formulations.  The  relatively  simple  structure  of  the 
expressions  for  the  scattered  fields  displays  some  characteristic  features,  whose  possible  role  in  the 
inverse  problem  is  discussed. 


INTRODUCTION 

Experimental  apparatus  for  quantitative  flaw 
definition  by  the  ultrasonic  pulse  method  gener- 
ally includes  instrumentation  to  gate-out  and 
spectrum  analyze  the  various  components  of  the 
signal  diffracted  by  a flaw.  After  the  scattering 
data  have  been  corrected  for  transducer  transfer 
functions  and  other  characteristics  of  the  system, 
amplitudes  and  phase  functions  are  obtained,  as 
functions  of  the  frequency  and  the  scattering 
angle.  Such  processed  experimental  data  can  then 
be  compared  with  theoretical  results. 

For  short  pulses  the  frequency  spectrum  is 
centered  in  the  high  frequency  (short  wavelength) 
range.  In  this  paper  we  present  analytical  re- 
sults for  diffraction  of  high  frequency  time  har- 
monic waves.  We  consider  frequencies  correspond- 
ing to  wavelengths  that  are  of  the  same  order  of 
magnitude  as  the  dominant  cross-sectional  dimen- 
sion of  the  flaw.  When  the  probing  wavelength  is 
that  short,  there  are  many  interference  processes, 
whose  characteristic  forms  can  provide  the  basis 
for  an  inversion  procedure.  A study  of  the  direct 
problem  is  a necessary  preliminary  to  the  solution 
of  the  Inverse  problem,  to  generate  understanding 
of  the  structure  of  the  high-frequency  diffracted 
field. 

In  this  report  we  present  analytical  results 
that  have  been  obtained  by  an  approximate  method 
which  Is  based  on  elastodynamic  ray  theory. 

Elastodynamic  ray  theory  was  presented  In 
some  detail  by  Karal  and  Keller'.  The  reflection 
of  ray-carried  signals  at  a boundary  is  well  under- 
stood. The  application  of  ray  theory  to  diffrac- 
tion by  smooth  obstacles  has  also  been  investiga- 
ted in  some  detail,  see  e.g.,  Resende^.  Refer- 
ence 2 also  appears  to  be  the  first  one  to  deal 
with  diffraction  by  a crack  edge,  at  least  In  a 
two-dimensional  geometry.  A three-dimensional 
ray  theory  for  diffraction  by  cracks  has  recently 
been  discussed  in  some  detail  by  Achenbach, 

Gautesen  and  McMaken3-6.  The  work  presented  In  3 
is  an  extension  to  elastodynamics  of  geometrical 


diffraction  theory,  which  was  introduced  by  Kellerf 
for  acoustic  and  electromagnetic  diffraction  pro- 
blems. Geometrical  diffraction  theory  has  been 
extensively  applied  in  electromagnetic  scattering, 
see  e.g.  8 and  9.  The  elastodynamic  version  of 
geometrical  diffraction  theory  provides  relatively 
simple  results,  and  it  can  be  applied  to  cracks  of 
complicated  shape.  The  theory  is  applicable  if 
ua/c.  is  sufficiently  larger  than  irity,  where  u is 
the  circular  frequency,  a is  a characteristic  di- 
mension of  the  crack,  and  c^  is  the  velocity  of 
longitudinal  waves. 

HIGH  FREQUENCY  THEORY 

At  high  frequencies  the  diffraction  of  clastic 
waves  by  cracks  can  be  analyzed  conveniently  on  the 
basis  of  elastodynamic  ray  theory.  For  time-har- 
monic wave  motion,  ray  theory  provides  a method  to 
trace  the  amplitude  of  a distucbance  as  It  pro- 
pagates along  a ray.  In  a homogeneous.  Isotropic, 
linearly  elastic  solid  the  rays  are  straight  lines, 
which  are  normal  to  the  wavefronts.  An  unbounded 
solid  can  support  rays  of  longitudinal  and  trans- 
verse wave  motion.  In  this  paper  these  rays  are 
denoted  as  L-rays  and  T-rays,  respectively.  The 
free  surface  of  a solid  can,  in  addition,  support 
rays  of  surface-wave  motion,  which  are  denoted  as 
R-rays. 

In  analogy  with  geometrical  optics,  the  sim- 
plest theory  for  diffraction  of  elastic  waves  by 
cracks  may  be  called  geometrical  elastodynamics 
(GE).  In  GE  a crack  acts  as  a screen,  which 
creates  a shadow  zone  of  no  motion,  and  zones  of 
reflected  waves.  The  shadow  zone  Is  bounded  by  all 
rays  passing  through  the  source  point  and  the  edge 
of  the  crack.  The  geometrical  reflections  of  these 
rays  bound  the  zone(s)  of  reflected  rays.  The  dis- 
placement field  according  to  GE,  is  of  the  same 
order  of  magnitude  as  the  incident  field.  The  GE- 
field  is,  however,  physically  unrealistic,  because 
of  discontinuities  at  the  boundaries  of  the  shadow 
zone  and  the  zone{s)  of  reflected  waves. 
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The  geometrtcal  theory  of  dUfrection  (GTD) 
provides  a first  correction  to  GE.  This  correction 
is  valid  for  ^/ci  I.  and  at  points  where 
S/a  > 1.  Here  u is  the  circular  frequency,  a is 
a length  dimension  of  the  crack,  c^  is  the  veloci- 
ty of  longitudinal  waves,  and  S is  the  distance 
from  a crack  edge.  The  correction  provided  by 
GTD  is  of  order  (uVI/cl)-1/2. 


Fig.  1.  Oiffracted  surface-wave  ray  and  cones  of 
diffracted  boviy-wave  rays. 


Basic  to  GTD  is  the  result  that  the  inci- 
dence of  a body-wave  ray  on  the  edge  of  a crack 
gives  rise  to  two  cones  of  diffracted  body-wave 
rays  and  two  R-rays  (one  on  each  crack  face),  see 
Fig.  1.  The  surfaces  of  the  inner  and  outer  cones 
of  body-wave  rays  consist  of  L-rays  and  T-rays, 
respectively.  When  an  R-ray  intersects  the  edge 
of  a crack,  a ray  of  reflected  surface  wave  motion 
is  generated,  as  well  as  cones  of  diffracted  body- 
wave  rays. 

With  GE  and  GTD  the  total  displacement  field 
is  still  not  valid  at  the  boundaries  of  the  shadow 
zone  and  the  zone(s)  of  reflected  waves.  In  a 
further  refinement  which  is  called  uniform  asyn^s- 
totic  theory  (UAT),  the  fields  at  these  boundaries 
are  corrected.  For  some  details  on  HAT  we  refer  to 
Ref.  5. 

For  incident  waves  with  curved  wavefronts  and 
for  curved  diffracting  edges,  the  cones  of  diffrac- 
ted rays  have  envelopes,  at  which  the  rays  coalesce 
and  the  fields  become  singular.  The  envelopes  are 
called  caustics,  and  GDT  breaks  down  at  caustics. 

Suimiary  of  GDT  Results.  Geometrical  diffraction 
theory  Is  based  on  the  use  of  canonical  solutions, 
which  are  asymptotic  results  for  diffraction  of  a 
plane  wave  by  a semi-infinite  crack.  In  geometri- 
cal diffraction  theory  these  canonical  solutions 
are  appropriately  adjusted  to  account  for  curvature 
of  Incident  wavefronts  and  curvature  of  crack  edges, 
and  for  finite  dimensions  of  the  crack.  For  a.n 
incident  longitudinal  wave,  the  pertinent  canonical 
solutions  have  been  obtained  by  Achenbach  et  al, 
see  Refs.  3 and  4, 

Within  the  context  of  the  GTD  theory  of  Refs. 

1 and  4,  the  diffracted  field  at  a point  of  obser- 
vation 1)  is  comprised  of  contributions  correspond- 


ing to  “primary"  diffracted  body-wave  rays,  which 
are  directly  generated  by  incident  body-wave  rays, 
and  contributions  corresponding  to  "secondary" 
diffracted  body-wave  rays.  The  latter  are  gener- 
ated by  rays  travelling  via  the  crack  faces.  Thus, 
the  diffracted  displacement  field  at  Q can  be 
represented  by 
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u^  - primary  diffracted  field  (2) 

• secondary  diffracted  field  (3) 


In  (2)  the  symbol  « defines  the  incident  ray,  i.e., 
a ■ E or  a • T.  while  0 defines  the  diffracted  ray, 
0 *1-  or  0 • T.  In  (3)  the  symbol  0 defines  the 
crack-fdco  ra>,  I.e.,  ts  ■ RS  (surface-syirweiric), 

6 » RA  (‘^i/rface-antlsyrnmetrtc)  or  0 ■ TH 
(horizontally  polarized  transverse).  The  synbol  y 
defines  the  body-wave  rays  generated  by  diffraction 
of  a crack-face  ray;  thus  y ■ L or  y ■ T.  The 
sunmations  in  Eq,  1 are  carried  out  over  all  rays 
of  a particular  type  passing  through  Q. 

Q!l!!«pLiO,ff.CACted  b raj,j^.  For  an  incident 

ray  of  longitudinal  motion,  the  dfsplacenent  fields 
on  the  diffracted  bocly-wave  rays  are 


iiiiSj/Cu 


(4) 

Here  U*-  defines  the  incident  wave  at  the  point  of 
diffraction.  In  Eq.  [4)  the  superscript  0 
defines  the  nature  oi  the  wave  motion  on  the 
diffracted  rays.  Thus  we  have  0 • L or  0 ■ T. 

The  distances  are  along  the  diffracted  rays 
from  the  point  of  diffraction  0,  to  the  point  of 
observation.  Also 


l|,  » unit  vector, 

which  relates  the  displacement  directions  of  the 
diffracted  fields  to  those  of  the  incident  fields, 
and 


D|j(rt,#|^ ,0|  ) • diffraction  coefficient. 

For  • il/2  ana  4'.  » 1/2  the  diffraction  coeffi- 
cents  have  been  plotted  in  Fig.  2.  Furthermore, 

• distance  from  0 to  caustic. 

For  an  incident  longUiidlna*  wave  we  have 

• - a sin^^ijj  [ a(df^/ds)s1nit^  *■  cosA^]*'*  (5) 

where  a is  the  radius  of  curvature  of  the  edge  at 
the  point  of  diffraction,  s is  the  distance  measu- 
red along  the  edge,  and  iSj  are  the  angles  between 
the  relevant  diffracted  rays  and  the  normal  to  the 
crack  edge,  see  Fig.  1.  The  angles  and  ai'e 


related  by 

Cl  CO* • cjcos*!^  (6) 


Fig.  2.  Absolute  values  of  diffraction 
coefficients: 


D{-(e)-  D{-(0;1/2.1/2)  and  o!f(e)  - Dy(0;i/2.s/2) 

for  Poisson's  ratio  v • 1/3. 

Diffracted  surface  waw  ravs.  Both  synmetrlc 
and  antlsymnetrlc  surface  wave  motions  are  gener- 
ated on  the  faces  of  the  crack.  The  appearance  of 
surface  wave  rays  In  diffraction  problems  has  been 
discussed  in  considerable  detail  In  Ref.  4.  * 

Reflection  of  surface  wave  rays.  A surface  wave 
raiy  whlc^i  intersects  the  edge  of  a crack,  gives 
rise  to  a ray  of  reflected  surface  waves,  and  to 
two  cones  of  diffracted  body  rays.  For  a surface 
wave  Incident  on  the  edge  of  a semi-infinite  crack 
these  reflection  and  diffraction  processes  have 
been  studied  by  Freund'O.  in  the  spirit  of  geo- 
metrical diffraction  theory,  we  can  Imnediately 
Introduce  the  appropriate  corrections  for  curva- 
ture of  the  Incident  wavefront  and  for  curvature 
of  the  edge  of  the  crack. 

A surface  wave  ray  Is  reflected  such  that  the 
angle  between  the  reflected  ray  and  the  tangent  to 
the  edge  Is  just  the  same  as  the  angle  of  Inci- 
dence between  the  Incident  ray  and  the  tangent  to 
the  edge.  Moreover,  rays  of  symmetric  (antl- 
symnetric)  surface  waves  are  reflected  as  rays  of 
symmetric  (antisymmetric)  surface  waves.  Ex- 
pressions for  the  reflection  coefficients  can  be 
found  In  Ref,  4. 

Body-wave  rays  generated  by  diffraction  of  su r f a ce - 
wave  rayT  These  rays  and  the  associate?  fields 
have  also  been  studied  in  Ref.  4,  where  express- 


ions for  the  diffraction  coefficients  have  also 
been  presented. 

Comparison  of  GDT  with  Numerical  Results.  Since  GDI 
Is  an  asymptotic  theory,  U Is  not  possible  to  pre- 
cisely determine  a lower  limit  of  validity  for 
(ja/C| . Thus,  Information  on  the  range  of  validity 
of  the  theory  must  come  by  comparison  with  exact 
solutions.  This  has  been  done  In  Ref.  5 for  dif- 
fraction of  a normally  Incident  longitudinal  wave 
by  a slit.  Exact  results  for  this  problem  have  been 
computed  In  Ref.  5 by  numerically  solving  a govern- 
ing singular  Integral  equation  which  has  been  de- 
rived by  Mal'l. 


Fig.  3.  Geometry  for  normal  Incidence  of  a longi- 
tudinal wave  on  a crack  of  width  2a. 

Ihe  crack  shown  In  Fig.  3 can  be  either  a two- 
dimensional  slit  or  a penny-shaped  crack.  For  the 
slit.  Figs. 4 and  5 show  the  exact  and  approximate 
scattered  displacements  at  0 • 45o  versus  the  dl- 
mensioTiless  wavenumber  (k.a  • uia/Cj)  for  two 
values  of  r/a.  The  solid' lines  represent  GDT  solu- 
tions which  Include  secondary  diffractions.  Good 
agreenx'nt  Is  achieved  for  k.a  > 1.5,  especially 
for  r/a  « 10.  Since  one  muit  assimw  at  the  outset 
that  results  produced  by  an  asymptotic  theory  of 
the  kind  presented  in  this  paper  are  valid  only 
for  kjd  > ' 1.  it  is  quite  remarkable  that 
acceptable  agreein'nt  Is  already  achieved  for  val- 
ues of  K.a  as  low  as  1.5,  especially  for  higher 
values  of  r/a. 

For  k-a  • 5.2  the  contributions  from  the 
longitudlnil  and  transverse  waves  to  the  dis- 
placement components  of  the  scattered  field  have 
been  plotted  separately  In  Mgs.  6 and  7,  versus 
6.  The  corrections  from  the  uniform  asymptotic 
theory  work  very  tw*11;  the  curves  are  smooth  and 
they  shrw  satlslactory  agreement  with  the  exact 
result'.,  even  though  rMb)  Is  unbounded  at  the 
shadow  hoixidarx . Thei  e at'e  some  discrepancies  in 
the  contributions  from  'he  transverse  waves  at 
values  of  0 which  appear  to  correspond  to  the 
boundary  * the  head-wave  region. 


Fig.  4.  Compdrison  of  exact  scattered  upfleld 
(♦,x)  for  a silt  with  GOT  solutions;  0 • 45°, 

V ■ 1/3. 


Fig.  5.  Comparison  of  exact  scattered  lu-field 
(♦.x)  with  GOT  solutions;  0 • 45°,  v ■ 1/3. 


Fig.  6.  Comparisons  of  longitudinal  wave  compon- 
ents of  exact  scattered  field  (0,A,+)  with  GDI  solu- 
tions for  kya  • 5.2  and  v • 1/3. 
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Fig.  7.  Comparison  of  transverse  wave  coeponents 
of  exact  scattered  field  (0,A,*)  with  GOT  solu- 
tions for  k.ja  • 5.2  and  v ■ 1/3. 

We  have  also  computed  exact  and  GOT  results 
for  normal  incidence  of  a longitudinal  wave  on  a 
penny-shaped  crack.  These  will  be  presented  to- 
gether with  another  approximation  in  the  sequel. 

Crack  Opening  Displacement  (COD) . If  the  crack 
opening  displacement  can~5e  adequately  approxi- 
mated. it  may  be  expected  that  a good  approxima- 
tion to  the  scattered  field  can  also  be  obtained 
by  means  of  a representation  theorem  for  the 
scattered  field.  At  low  frequencies,  approxima- 
tions to  the  crack  opening  displacement  can  be 
obtained  on  the  basis  of  quasi-static  calculations. 
At  high  frequencies  Au.  can  be  computed  on  tf 
basis  of  GDT. 

Within  the  context  of  the  geometrical  dif- 
fraction theory  discussed  in  this  section,  the 
principal  contribution  to  the  crack  opening  dis- 
placement comes  from  the  geometrical  elastoctynamic 
part  of  the  solution,  i.e.  from  the  direct  reflec- 
tion from  the  crack  faces.  For  normal  incidence 
we  have 

Au^  ■ -2  A (7) 

The  body  waves  associated  with  the  primary  dif- 
fractions do  not  generate  displacements  on  the 
crack  faces,  except  for  transverse  motions  which 
are  polarized  in  the  crack  faces.  The  latter  are, 
however,  of  order  0{uia/C|  as  compared  to  (7). 

Important  contributions  to  the  crsck  opening  dis- 
placements are,  however,  gen,irated  by  the  surface 
wave  motions. 

For  the  case  of  normal  incidence  of  a longi- 
tudinal wave  on  a slit,  the  absolute  value  and 
the  phase  of  the  crack  opening  displacement  have 
been  computed  for  various  values  of  k^a,  where 

kj^a  ■ u)a/C|^  (8) 

At  low  frequencies  (small  k.a)  the  Phase  is  approx- 
imately il/2,  and  the  absolute  value  has  an  ellipt- 
ical shape.  As  k.a  Increases,  waveforms  develop, 
which  are  generated  by  surface  motions  of  the 
crack  faces.  The  exact  crack  opening  displace- 
ments at  high  frequencies  have  been  compared  with 
the  GDT  results.  For  the  slit  the  comparison  is 
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shown  In  Fig.  8.  Results  for  normal  incidence  on 
a penny-shaped  crack  are  shown  in  Fig.  9.  The 
displacements  according  to  GOT  at  the  center  of 
the  penny-shaped  crack,  which  is  a caustic  point, 
have  been  corrected  as  discussed  in  Ref.  4.  It  is 
noted  that  both  for  the  slit  and  the  penny-shaped 
crack  reasonably  good  agreement  was  obtained. 


Fig.  8.  Phase  and  |Au„/A|  versus  xi/a  for 
k[^a  * 3,  4 and  5,  for  a slit,  v = 1/3,  - - -GOT, 
exact. 


Fig.  9.  Re  (Au,/A)  and  Im  (Auo/A)  for  a penny- 
shaped crack  for  k.a  • 4.4,  v = 1/3;  - - - GOT, 
exact. 


from  GOT  Should  show  singularities  due  to  caustics, 
these  singularities  will  be  integrable  and  the 
scattered  field  will  be  well  behaved  everywhere. 

Let  0 be  the  area  of  a flat  crack  in  an  un- 
bounded domain.  By  using  the  elastoclynamic 
reciprocity  relation  and  the  appropriate  radiation 
condition,  the  displacement  components  at  points 
not  on  the  crack  faces  can  be  expressed  by 

T*’  Au  n dA  (9) 

4iir  Z 1j;k  ■>  i 

where  Au.  is  the  displacement  discontinuity  across 
L,  and 

= tensor  of  rank  three 

ij;k 

representing  the  stress  components  for  the  basic 
singular  elastociynamic  solution.  For  details  on 
Eg. (9)  we  refer  to  Ref.  6. 

For  the  slit  results  that  have  been  obtained 
by  means  of  Eq.(9)  have  been  plotted  in  Fig.  10. 

In  this  figure  we  have  also  plotted  direct  GOT 
results  and  exact  results.  The  crack  opening  dis- 
placement (COD)  plus  representation  theorem 
approach  is  quite  good  for  the  displacements  from 
the  longitudinal  waves,  but  it  requires  further 
Improvement  for  the  displacements  corresponding  to 
the  transverse  waves 


COD  - Representation  Theorem  Approach.  The  results 
of  geometrical  diffraction  theory  are  not  valid  at 
shadow-boundaries.  Moreover,  for  curved  wave- 
fronts  and  for  curved  diffracting  edges,  the  cones 
of  diffracted  rays  have  envelopes,  at  which  the 
rays  coalesce  and  the  fields  become  singular.  The 
envelopes  are  called  caustics.  The  results  of  the 
geometrical  theory  of  diffraction  are  also  not 
valid  near  caustics.  Even  though  it  is  possible 
to  extend  the  theory  to  shadrjw  boundaries  and 
caustics,  it  becomes  rather  cumbersome.  In  an 
alternative  approach,  the  crack  opening  displace- 
ments, which  can  be  computed  by  GOT  as  shown 
earlier,  can  be  used  as  an  input  in  a representa- 
tion integral  of  the  scattered  field.  The  scatter- 
ed displacement  fields  computed  in  this  manner  will 
be  valid  at  shadow  boundaries  and  at  the  boundar- 
ies of  the  zones  of  reflected  waves,  and  there 
will  not  be  caustic  surfaces.  Even  if  Au^  computed 


Fig.  10.  Contributions  to  the  displacement  com- 
ponents from  longitudinal  and  transverse  waves, 
for  normal  incidence  of  a longitudinal  wave  on  a 

slit,  for  0 » 300; got,  COD  + Rep.  Thm, 

X exact  results,  u-l/3. 

Analogous  results  for  normal  incidence  of  a 
longitudinal  wave  on  a penny-shaped  crack  are 
shown  in  Fig.  11.  In  this  figure  we  have 
plotted  a further  simplification  which  is  obtained 
when  Eq.(9)  is  replaced  by  its  far-field  approxi- 
mation. 

Error  analysis.  It  is  perhaps  surprising  that  the 
relatively  small  errors  in  the  crack  opening  dis- 
placements shown  for  k.a  • 3,  4,  and  5 in  Figs. 8,9 
should  still  give  rise''to  rather  substantial  de- 
viations In  the  diffracted  fields,  as  shown  by 
Figs. 10  and  11.  The  reason  is  that  errors  of 
certain  wavelengths  in  the  crack  opening  displace- 


ment  are  amplified  by  the  representation 
Integral . 


Fig.  11.  Contributions  to  the  displacement  com- 
ponents from  longitudinal  and  transverse  waves, 
for  normal  Incidence  of  a longitudinal  wave  on  a 

penny-shaped  crack,  for  0 • 30°;  - - - GOT,  

con  * Rep.  Thm,  A exact  results,  u-l/4. 


Let  us  consider  the  specific  example  of  the 
two-dimensional  case  of  normal  Incidence  of  a plane 
longitudinal  wave  of  amplitude  A upon  a silt  with 
edges  at  x,  • ta,  X2  • 0.  The  far  field  approxi- 
mation yields 

“k  ' 'k  ] '*[;  {81r/k|^)'’/^ 

exp[l(k|^r  ♦ s 4)]  ♦ 21  x^  4 

(81r/k^)-1/2  exp[l(k^r  ♦ V4)|  (10) 

where  x,  are  the  components  of  the  unit  vector  In 
direction  x^,  and 

J*-  » - .'■*  Au,  exp{-1k  x.X)  dX  (II) 

o -a  *• 

The  form  of  the  crack  opening  displacement  suggests 
that  Au.,  can  be  approximated  by 

Au^  ' A (-2  ♦ U|j  coskjjX  ♦ c coskX)  (12) 

Here  -2  represents  the  COO  due  to  geometrical 
elastod.vnamics,  U(,  cosk-X  repiesent  the  crack  face 
motion  predicted  by  GOT,  and  c and  k represent  the 
approximate  error  from  the  GtHlDT  approximation. 
Substitution  of  (12)  Into  (11)  yields 

jL  . .A  a(-4  H^(0)  * UR[H^(k^)  ♦ H^(-kR)] 

♦ c[H^(k)  * H^(-k)]}  (13) 

where 

%(k)  • [(k-kpX,)a]‘'  sln[(k-k^  x,)a]  (14) 

We  note  that  H^j^k)  takes  on  Its  itMxImum  value  of 
unity  at  k • k^x^  , I.e.  for  a specific  combina- 
tion of  freguehcy  and  angle  of  observation. 

Equation  (13)  also  provides  Insight  on  the  In- 
fluence of  the  surface  wave  terms  on  the  dif- 


fracted field.  Near  xj  • 0 (I.e., 6 ■ f'2,  .11/2) 
the  contribution  from  (he  GC  term  dominates  the 
contribution  from  the  surface  waves  In  both  the 
longitudinal  and  transverse  fields,  while  near 
X]  • 1(8»  0,1)  the  contribution  from  the  surface 
waves  dominates  the  transverse  field,  since  k-j/k^ 
(where  k^  • u)a/C|^)  Is  generally  slightly  less  than 
unity. 

SOHE  COMMENTS  ON  THE  INVERSE  PROBLEM 


So  far,  this  paper  has  been  concerned  with 
the  direct  problem,  that  Is,  the  computation  of 
the  scattered  field  when  the  size,  shape  and 
orientation  of  the  crack  are  known.  He  will  con- 
clude with  a few  conments  on  the  Inverse  problem 
for  plane  waves  Incident  on  slits  and  penny-shaped 
cracks,  for  the  special  case  that  the  diffracted 
field  Is  symmetric  relative  to  the  plane  through 
the  X]  and  X2  axes.  For  both  the  silt  and  the 
penny-shaped  crack  the  geometry  in  the  plane  of 
synmetry  Is  then  essentially  as  shovwi  in  Fig.  3, 
except  that  the  Incident  wave  is  under  an  angle, 
say  0 , with  the  x^  axis.  For  a given  point  of 
observation,  say  the  point  P in  Fig. 3,  the  un- 
knowns then  are  0^,  a and  0. 

In  experiments  the  nature  of  diffracted  sig- 
nals Is  largely  determined  by  their  arrival  times. 
Since  the  first  arriving  signal  Is  longitudinal, 
it  is  often  possible  to  gate  out  the  purely 
longitudinal  diffracted  signals  from  subsequent 
signals.  The  frequency  spectrum  of  these  longi- 
tudinal signals  contains  a considerable  amount  of 
information  on  the  crack.  Upon  division  by  the 
frequency  spectrimt  of  the  incident  wave,  one 
obtains.  In  fact,  the  amplitudes  and  phases  cories 
ponding  to  single  harmonic  waves  at  high  frequen- 
cies. Comparison  of  this  experimental  Information 
with  the  analytical  fields  on  the  primary  dif- 
fracted body  wave  rays  provides  a way  to  solve  the 
inverse  problem. 

For  the  geometry  discussed  here  the  dis- 
placement fields  on  the  primary  diffracted  body 
wave  rays  follow  frc>m  Eq.(4)  as 

uj.  . [Sl(US,^/p[-^-^/2  o[;(P.\/2.0^)i|-U^ 

(>S) 

It  Is  convenient  to  define  a dimensionless  dif- 
fraction coefficient  as 

P|^(0;tY)  * k|j''2  e-il'4  n[-(t>;«/2.iY)  (>b) 

The  angles  of  Incidence  at  the  two  points  of  dif- 
fraction are  0.  • 0 and  0 • t - 0 , respectively 

If  the  point  of  observation  is  sufficiently  far 
from  the  crack,  we  have,  see  Fig. 3 


\l  - 

r - a COS0 

(17) 

^L2  ' 

r ♦ a cosO 

(IS) 

02  - 

1 - 0,  • 0 

(19) 

(ifi, 

■ 'i!>!  c 

(20) 

' I'p  ext'lik^a  COSO,) 

(21) 

(U[')2  ' Uq  exp{-U|^a  (22) 


where  U*-  defines  the  incident  wave  at  the  center 
of  the  8rack.  Adding  the  prinary  diffracted 
longitudinal  fields  frim  the  points  t and  2,  we 
obtain 

(23) 


where 


F • C^(1-e;t-eo)e 


♦ DlIi^;^)  e 


-1k|_a(cost>-cos  tjj) 
Ik^a(cosO-cosOjj) 


(24) 


Of  particular  Interest  Is  the  absolute  magnitude 
of  F ; 


|F|  ■ i-6o)]2  ♦ (^^(eji’o))^  ♦ 

2 (i-0;s-o^)B^(0;e^)cos(2kj^a(cosP-cosO^)]l'/2 

(25) 


This  result  Implies  that  the  amplitude  of  the 
primary  diffracted  field  Is  modulated  with  respect 
to  k|^,  with  period 

P • f / a 1 cose  - cose^  I (26) 

An  analogous  expression  can  be  derived  for  the  pri- 
mary diffracted  transverse  fle’d.  From  the  prac- 
tical point  of  view  this  latter  expression  Is  of 
less  Importance,  because  measurements  of  the 
transverse  field  usually  are  polluted  by  other 
signals. 

Figure  12  shows  the  amplitude  envelopes  of 
the  radial  displacements  corresponding  to  the  pri- 
mary longitudinal  rays  at  three  positions  0 • .10°, 
45®  and  60°  for  the  case  of  normal  Incidence  of  a 
longitudinal  wave  on  a penny-shaped  crack.  The 
three  curves  show  the  characteristic  behavior  dis- 
cussed In  the  previous  paragraph,  and  It  Is  easily 
checked  that  the  Increment  Ak.a  between  peaks 
Indeed  equals  l/cos6  (note  that  - 90°) . 

Experimental  results  also  show  the  modulation 
displayed  In  Fig. 12,  see  e.g.  Ref. 12.  The  un- 
knowns In  Eq.(26)  are  a,  6 and  Pg.  Suppose  we  have 
four  points  of  observation  Q^.,  Q.,  Qp  and  Q-,  on  a 
straight  line  In  the  plane  Shown  In  Fig. 3,  dis- 
tances t],  I2,  and  I3  apart.  The  angles  0 corres- 
ponding to  Qj,  Q2  and  t),  are  0,,  6-  and  0,,  res- 
pectively. The  arrIvaHtImes  Af  the  first  longi- 
tudinal diffracted  signals  are  denoted  by  t , t, , 
tp  and  t,,  respectively.  It  then  easily  foTlowi 
that 

Y,  • 02  - 0,  - cos‘1  (Cl(‘2'*1^/*2]  - 

cos'l  [cJtj-tJ/t,  ) 

Y2  • 03  - 02  ■ cos-1  [cL(t3-t2)/t3]  - 

cos-1  (C|^(t2-t,)/t2  J 


If  Pj,  Pp  and  P3  have  been  measured  at  Q,,  Q.  and 
Q3.  we  then  hav?  five  equations  for  the  flve^ 
unknowns  a,  e„,  0,,  0,  and  0,,  which  can  easily  be 
solved.  0 I <;  j 


Fig.  12.  Amplitude  envelopes  versus  k.a  for 
r/a  • 10  and  v • 1/4. 

CONCLUDING  C0HM1 NTJ 

For  normal  Incidence  of  longitudinal  waves  on 
slits  and  penny-shaped  cracks  It  has  been  shown  in 
this  paper  by  comparison  with  exact  numerical 
results  that  geometrical  diffraction  theory 
(cor'ected  at  shadow  boundaries  and  caustics)  pro- 
vides surprisingly  good  results  at  relatively  small 
values  of  the  frequency  (say  kj^a  ' 1.5)  and  rela 
tively  close  to  the  crack  (say  r/a  ' 5).  For  more 
complicated  geometries  (elliptical  cracks)  the 
corrections  at  shadow  boundaries  and  caustics  be- 
come, however,  more  cumbersome.  We  have,  therefore, 
also  explored  an  alternative  approach  In  which  the 
crack  opening  displacement,  which  can  be  computed 
by  GOT  with  relative  ease.  Is  used  as  an  Input  In 
an  exact  or  approximate  representation  integral  for 
the  scattered  field.  The  scattered  displacement 
fields  computed  In  this  manner  are  valid  at  shadow 
boundaries  and  they  do  not  have  caustic  surfaces. 
The  crack  opening  displacement  computed  by  GOT  may 
have  singular  points  or  curves,  but  the  singulari- 
ties are  Integrable.  Comparison  of  the  results 
obtained  by  this  hybrid  approach  with  exact  results 
shows  good  agreement  for  the  longitudinal  wave 
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J 


contributions,  but  some  Improvements  are  desirable 
for  the  transverse  vmvc  contributions. 

The  simple  structure  of  the  high  frequency 
longitudinal  wave  results  suggests  a simple 
approach  to  the  inverse  problem,  which  has  been 
briefly  discussed. 
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DISCUSSION 

Tom  Kincaid  (General  Electric):  I nave  to  lead  up  to  ii\y  question  witn  a little  preamble.  I tried  to  use 
this  tneory  for  cracks  on  steam  turbines.  Wnen  I did  that  I said,  "Well,  It  Is  going  to  be  easy 
because  those  2 corners  are  going  to  radiate.  1 am  going  to  end  up  getting  a nice  tero  In  the 
spectrum  which  will  tell  me  the  length  of  the  crack,"  and  we  spent  several  months  working  on  the 
theory  and  then  we  took  a look  at  some  cracks.  The  first  thing  I noticed  was  that  a crack  Is  not 
as  flat  as  you  assumed  here.  A crack  Is  ragged  In  the  middle  with  the  main  reflections  coming  off 
those  ragged  surfaces  that  are  oriented  In  the  direction  of  observation.  I think  that  we  will  have 
to  consider  we  are  going  to  have  such  real  cracks.  1 would  like  to  get  some  comments  from  you  on 
how  we  are  going  to  handle  the  real  problem. 

J.  0.  Achenbach  (Northwestern  University):  Yes,  you  are  absolutely  correct,  this  Is  a problem. 

Naturally,  the  solution  depends  upon  the  direction  of  observation.  If  you  observe  from  behind  the 
crack,  you  can  deal  with  the  crack  in  the  above  fashion.  The  problem  you  are  talking  about  Is  in 
Interpreting  tne  back  reflections  from  rough  surfaces 

Tom  Kincaid:  lhat  Is  correct.  In  general,  one  receives  a very  complicated  spectrum.  Only  In  a very 

few  cases  does  this  spectrum  have  any  similarity  with  the  one  you  are  talking  about.  You  are  saying 
that  by  observing  from  behind  the  crack  ail  those  ragged  surfaces  are  basically  invisible.  That 
does  not  really  avoid  the  problem:  Frequently  you  cannot  inspect  the  part  so  as  to  avoid  the 
problem.  1 am  trying  to  make  an  appeal  to  this  group  to  understand  that  we  need  solutions  that  are 
not  critically  dependent  on  the  crack  geometry.  These  solutions  should  not  depend  on  tne  fact  that 
the  crack  is  a smooth  mirror  with  corners.  To  be  useful,  research  will  have  to  take  these  facts  Into  con- 
sideration. The  raggedness  ot  the  fracture  surface  Is  a statistical  problem.  In  part,  that  we 
nave  to  solve  to  be  able  to  perform  the  Inversion. 

J.  0.  Achenbdch:  I agree  with  you,  that  is  the  problem.  We  should  get  some  Idea  on  the  relative 
magnitudes  ot  the  characteristic  dimensions  of  the  roughness. 

Tom  Kincaid:  Using  micrographs  you  can  get  a good  idea  about  the  roughness. 

J.  D.  Achenbach:  I think  the  incident  wavelength  will  have  to  be  of  the  same  order  of  magnitude  as  the 
crack,  but  It  certainly  has  to  be  much  larger  than  the  crack's  roughness.  Certainly,  if  the  rough- 
ness is  of  the  same  magnitude  as  the  acoustic  wavelength,  you  get  the  kind  of  problem  you  are 
alluding  to. 

bordon  kino  (Stanford  University):  Perhaps  I could  try  and  bridge  this  gap  a little.  We  have  been 
using  an  imaging  system  to  look  at  cracks.  In  fact,  we  snowed  some  pictures  last  year.  What  you 
see  witn  an  imaging  system,  illuminating  an  e1o»  crack,  is  a smooth  crack  with  sharp  fronts,  as 
Dr.  Achenbach  pointed  out. 

Using  a real  crack  with  real  roughness  you  see  scattered  acoustic  energy  from  everywhere,  as 
Mr.  Kincaid  points  out.  l would  suggest  that  as  the  theoretical  techniques  keep  on  developing 
and  as  we  will  learn  to  do  the  Inverse  process  properly  (which  in  one  way  Is  by  imaging,  the  other 
way  Is  essentially  by  mathematical  techniques),  we  will  not  only  see  its  front  but  we  will  see  some 
information  from  all  along  the  fracture  surface.  We  will  still  get  the  length  which  is  what  we 
want  to  know,  basically.  I think  you  have  to  allow  the  theoriticlans  time  because  what  they  have 
got  to  do  is  the  simplest  problem  first  and  then  work  up  to  the  complicated  ones. 

Bernard  Tittmann  (Science  Center):  l would  like  to  make  a coirment . TonKirrow  morning  I will  show  data 
on  a real  crack  in  ceramics  and  I will  use  a diffraction  theory,  similar  to  that  by  Young,  to 
analyte  the  radiation  pattern  from  a crack  and  I will  show  tnat  this  theory  works.  This  pattern  is 
as  clean  as  that  of  an  elox  notch,  but  it  does  yield  crack  length  information,  as  Gordon  kino  has 
pointed  Out.  I agree  with  Or.  kino.  I think  we  can  achieve  the  solution  to  the  problem. 

vernon  Newnouse  (Purdue  University):  I would  like  to  plead  with  the  theorists  to  stop  casting  their 

results  in  the  time  domain  which,  of  course,  is  .lust  a question  of  lourier  transforming  the  spectral 
results.  It  is,  naturally,  a lot  more  convenient  to  measure  arrival  times  than  to  start  analynng 
a frequency  spectrum  and.  furthermore,  it  may  simplify  the  mathematics.  If  you  are  looking  at  a 
crack  and  measure  arrival  time  of  the  first  array  and  the  last  array  at  several  different  points, 
you  probably  will  get  infornvition  in  a simpler  way  than  you  can  from  spectral  results  even  when 
the  crack  Is  distorted. 

0.  U.  Achenbach:  1 agree.  From  my  point  of  view  the  time  domain  is  just  as  good  as  the  frequency 
domain.  In  fact,  in  some  of  our  work  we  are  trying  to  combine  time  donvain  and  frequency  domain 
considerations.  Not  being  an  experimentalist.  I thought  that  even  though  there  are  definite  peaks 
In  the  time  domain  it  was  still  quite  easy  to  make  slight  errors  in  the  Interpret  .at  Ion.  On  tne 
other  hand,  if  you  take  a frequency  spectrum,  where  you  integrate,  you  don't  run  into  danger  of 
making  a significant  error.  Otherwise.  I will  go  along  with  you. 

W.  Sachse  (Cornell  University):  One  conxnent,  time  donMin  is  the  approach  that  we  are  using  in  studying 
scattering  of  cracks  experimentally. 


John  Zurorick  (General  Electric;:  we  grow  cracks  that  we  ask  our  Inspectors  to  find  for  us.  There  Is 
something  that  I have  observed  over  the  last  couple  of  years  In  this  program  that  is  qufte  Inter- 
esting to  note  and  I think  It  tends  to  bridge  some  of  the  gaps  that  we  are  discussing.  We  nave 
done  a lot  of  acoustical  microscope  work,  we  have  done  a lot  of  Imaging  of  flaws  In  real  time  and 
the  time  domain  and  we  have  done  adaptive  learning  network  experiments.  The  point  Is  this.  We 
are  looking  heavily  at  the  surface  convolutions  of  a crack  and  the  indications  that  are  or  are  not 
coming  from  the  center.  The  center  of  the  crack  Isn't  really  what  causes  the  part  to  fall,  It 
really  is  the  plastic  zone  around  the  crack  which  has  a shape  that  is  very  close  to  an  oblate 
spheroid.  1 like  the  approach  of  looking  at  hollow  oblate  spnerolds,  but  let's  keep  In  mind  that 
a fatigue  crack,  together  with  this  plastic  zone  around  It,  reflects,  defracts,  mode  converts, 
etc.  I kwuld  encourage  this  kind  of  an  approach.  We  are  not  just  looking  at  a hole.  We  are 
looking  for  the  degraded  material  around  the  crack  tip.  Actually,  you  can  see  certain  similari- 
ties to  an  oblate  spheroid  because  the  crack  grew  from  the  middle  to  Its  present  tip. 

J.  0.  Achenbach:  I don't  think  that  the  method  I described  would  be  suitable  to  describe  this  situation, 

Earl  Duback  (General  Dynamics):  My  background  is  In  sonar  and  acoustics  and  I worked  on  problems  similar 
to  the  one  you  are  describing,  a multi  path  situation.  If  you  are  able  to  obtain  a cross  corre- 
lation function  and  your  signal  is  frequency-wise  not  broad  enough,  you  can  separate  out  the  various 
acoustic  paths.  If  you  are  looking  at  the  amplitude  Information  versus  frequency,  and  If  you  look 
at  the  phase,  you  will  find  ripples  In  the  phase.  By  zeroing  out  the  signals  In  the  correlation 
function  from  the  various  paths,  you  obtain  nice  linear  phase  Information  that  will  show  you  the 
energy  coming  along  the  different  paths. 

J.  0.  Achenbach:  I am  aware  of  what  has  been  achieved  along  those  lines  In  your  field,  and  we  would  like 
to  take  similar  approaches. 
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tn  of  79  ^ dcfects.  The  maximum  information  content  of  the  long-wavelength  fields  is  shown 

to  consist  of  22  parameters,  one  of  which  is  the  excess  mass  SM,  and  21  of  which  are  detecmined  bv  the 
"Oduli  tensor  sC  and  quasi-static  response  properties  of  the  defect  region^  It  is  shown 
parameters  can,  in  principle,  be  determined  by  longitudinal  to  longitudinal  wave  scattering 
experiment  only,  and  that  they  can  provide  evidence,  necessarily  incomplete,  on  the  type  shape  orien- 

Particularly,  whey  the  defect  is  in  tt^  foni  of  a plana^c^ckt’i?  is 
sh^  that  the  crack  orientation  can  be  determined  and  that  an  approximate  estimate  can  be  made  of 
plan^*^'^'"  Intensity  factor  that  would  be  Induced  by  tensile  stresses  acting  normal  to  the  defect 
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ABSTRACT 

It  is  well  known  that  in  the  scattering  of  elastic  waves  from  localized  inhomogeneities  the  scatter- 
ing amplitude.^  is  proportional  to  the  sguare  of  the  frequency  u In  the  Rayleigh  (long  wavelength)  regime, 
i.e..  A • Ayu  ♦...  This  talk  deals  with  the  problem  of  (1)  extracting  A,,  from  exiierimental  scattering 
data,  (2)  clllculating  A-  for  an  assumed  scatterer  and  (3)  deducing  the  prbperties  of  the  scatterer  from  a 
set  of  values  of  A-  measured  for  various  transducer  configurations.  A review  of  experimental  and  theore- 
tical results  for  A-  will  be  presented  for  the  case  of  spheroidal  voids  and  the  remaining  discrepancies 
between  the  two  kinfls  of  results  will  be  discussed.  The  inverse  problem  (i.e.,  deducing  the  scatterer 
proiierties  from  the  scattering  measurewnts)  will  be  discussed  In  detail.  The  probabilistic  inverse  prob- 
lem, which  provides  the  appropriate  framework  for  the  interpretation  of  real  data,  will  be  covered  at 
greater  length.  In  the  case  in  which  it  is  assumed  that  the  scatterer  is  an  ellipsoid  void,  whose  size, 
shape  and  orientation  are  unknown  a [jrlori , a nunVier  ot  computational  results  involving  best  estimates 
and  associated  measures  of  significance  will  be  given.  Analogous  results  will  be  derived  for  paraim>ters 
related  to  fracture  mechanics. 


INTROOlllTlON 

A number  ot  techniques  have  recently  emerged 
tor  the  determination  ot  fracture  related 
parameters  ot  defects  frun  nxMsured  ultrasonic 
fields.  One  ot  the  new«*st  of  these,  and  perhaps 
the  iwst  unexpected.  Is  the  observation  that 
considerable  infomutlon  can  be  derived  frfflii 
ultrasonic  scattering  wasuronent  s In  wtilch  the 
wavelength  is  largx’  with  resiiect  to  the  flaw 
size.  F rixn  the  familiar  concept  of  resolution  of 
an  image,  one  would  ex^H'Ct  to  obtain  little  useful 
Intonnatlon  under  such  conditions.  However,  the 
elastic  nature  of  the  ullrasound-f 1 aw  interaction 
leads  directly  to  results  that  are  quite  in 
contrast  to  this  overly  simple  (Xilnt  of  vli'w.  lor 
example,  the  long  wavelength  scattering  of  elastic 
waves  depends  uixm  2?  paranx'ters  representing 
properties  ot  a general  scatterer.  This  Is  very 
different  frivn  the  situations  In  the  scalar  wave 
scattering  case. 

Here,  we  siminarlze  recent  progress  on  the 
denxinstral  Ion  ot  the  feasibility  and  usefulness  ot 
liiw  frequency  scattering  of  elastic  waves  in  the 
context  of  nondestructive  evaluation.  Here  we 
attempt  a partial  "vertical  integration"  to  show, 
at  least  theoretically,  that  the  results  of  such 
measurement  can  be  Interpreted  In  t etuis  of  the 
central  concepts  of  fracture  wchanics.  Ihis  gives 
an  Indication  that  the  rwiialning  steps  in  an 
overall  N111  decision  process  could  he  taken  withixit 
significant  difficulties. 

Before  considering  the  detailed  results,  it 
Is  lm(H)itant  to  ask:  What  advantages  would  such  an 
approach  have  relative  to  other  approaches  for 
defect  characterizat  ion?  The  following  ixiints  can 
be  made  in  its  favor; 

(1)  the  theory  of  the  scattering  of  elastic 
waves  at  low  frequencies  is  well 
established  for  the  case  of  ellipsoidal 
Inclusions  anti  voids.  Ihus,  the  Inverse 
scattering  problem  tor  this  class  of 
scatterers  Is  quite  tractable.  At 
higher  frequencies,  this  Is  not  the 
case. 


(?)  low  frequency  measurivnents  are  sensitive 
only  to  the  overall  shape  and  size  ot 
the  detect  and  not  to  small  textural 
details.  This  is  also  the  intoiiiut  ion 
ot  importance  In  fracture. 

(3)  low  frequency  scattering  imMsurnixuit  s 
are  particularly  sensitive  to  craiks 
compariHl  with  other  scatterers  (e.g., 
inclusions  of  the  same  voluim’  or  even 
the  saim-  area).  In  particular,  I hi' 
scattering  iiXMSurtviient s are  signifi- 
cantly iixire  sensitive  to  a large  craix 
than  to  a number  of  small  cracks  with 
the  saw  total  area. 

(4)  Ihe  elastic  processes  involved  in  low 
frequency  scattering  are  iiit  mutely 
related  to  those  involved  in  Ihe  earl\ 
stages  of  the  fracture  process  lat  least 
In  nxisl  metals)  as  has, been  pointed  out 
by  Budiaiisky  ami  Klee.*  A tiirlher 
advantage  is  that  the  relevant  stress 
intensiiy  factor  is  proiHirt  lonal  to  the 

1 /!>  power  ot  the  scattering  amplitude, 
yielding  thereby  a substantial  reduction 
ot  variance  In  the  estimation  process,  a 
tact  iMiiphasized  by  kino." 

(b)  Another  advantage  is  the  fact  that  long 
wavelength  scattering  is  insensitive  to 
the  position  of  the  ..catterer  and  thus 
precise  location  ot  Ihe  scatterer  Is 
unimportant . 

Ill  course,  there  are  also  disadvantages.  Sixm' 
ot  these  are 

(1)  Relatively  ctxnplex  (KisI -experiment  data 
processing  is  tiivolvisi  in  dediKlng  the 
low  frequency  scattering  characteris- 
tics. However,  the  main  probltviis  ap(iear 
to  be  satisfactorily  solved.^ 

(?)  A sigiiltlcanl  problivii,  not  yet  con- 
fronted, is  the  isolation  of  each  domi- 
nanl  scatterer  frun  cuigH’ting  scatterers 
in  taking  the  low  frequency  limit. 


I 
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It  IS  useful  to  direct  the  reader's 
attention,  at  least  temporarily,  to  the  overall  NUt 
decision  process  of  which  the  present  topic  is  a 
part.  In  Fig.  1 we  illustrate  a typical  NUE 
decision  process  in  the  case  of  a metal  in  wtiich  a 
possible  failure  process  involves  conventional 


wheri  the  vanishing  of  Ajj  and 

A,  is  a general  property  of  localized  scatterers. 

It  the  scdtterer  has  Inversion  synviietry  about  the 
o'-igiii,  men  A^  also  vanishes,’  but  this  question 
eeo  not  concern  us  here.  The  absolute  value  of  A 
can  also  be  expanded  in  powers  of  u)  but  here  only 
even  powers  will  enter,  namely 


Fig.  1 Block  Diagram  of  fIDE  Decision  Process. 


fracture  mechanics.  A similar  decision  structure 
has  been  discussed  by  Evans^  at  this  meeting. 
Starting  at  the  upper  left  we  show  the  NDl 
apparatus  (involving  long  wavelength  longitudinal- 
to-longitudinal  scattering  in  the  present 
discussion)  i’'  bilateral  interactior  th  the  t 
piece.  The  ■ Its  of  measurement  u-  fed  into 
another  box  - func  ion  is  to  provide  a good 
■ timate  ■ ■ ' >•  ■ of  a part'  .lar 

icatterer.  ‘e  is  a set  of  .arameters  'hat 

provides  a ‘ ly  good  characterization  for 

•he  purpose  at  han.i.  This  box  also  provides 
estimates  of  the  standard  deviations  (a  posteriori) 
of  the  components  of  x.  Although  it  is  not  shown, 
this  estimation  process  also  involves  the  a priori 
probability  of  the  state.  The  final  stage  of  the 
decision  process  on  the  first  row  of  the  block  dia- 
gram is  involved  in  producing  rorrespondi ng  esti- 
mates of  a relevant  fracture  mechanics  pai  aineter 
and  its  standard  deviation  (a  posteriori). 

The  next  row  of  the  block  diagram  involves 
calculation  'he  probability  of  failure  for  a 
given  state  'he  final  collation  of 

probabilist'  relating  to  failure,  NDT 

measurement  ui  .iri  probability)  to  yield  the 

probability  ion  'hat  is  needed  for  the  final 

accept/rejei ' cision.  As  shown  in  the  figure, 
the  central  box  has  several  inputs  from  above. 

'his  is  meant  to  indicate  that  estimates  based  upon 
scattering  data  from  several  defects  are  used. 


The  subsequent  discussion  deals  only  with  the 
first  row  of  boxes  in  the  figure. 

THEORY  OF  SCATTERING  OF  ELASTIC 
WAVES  AT  LOw  jlfttQUENCTTS 


The  longitudinal-to-longitudinal  scattering  of 
elastic  waves  from  an  arbitrary  scatterer  is 
described  by  the  scalar^scattering  amplitude 
A » A(?*,  I ' , u) ) where  e^  is  the  scattered 
(observer)  direction  e is  the  incident  direction, 
and  cj  is  the  frequency  (expressed  in  radians  per 
unit  time).  This  scattering  amplitude  can  be 
expanded  in  a power  series  in  w in  the  following 
fonm; 

A - A^^  + iAj*^  + A^  + iAj*^^  + ...  (1) 


|A|  a^^^  + a^^  t ... 


(2) 


where,  of  course,  a,  * |A^|.  In  Fig.  Z these 
relationships  are  illustrated  tor  the  case  ut 
longitudinal-to-longitudinal  backs..dtter  from  a 
spherical  B4C  inclusion  in  a SiC  matrix.*’ 


• iiCr' 
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Fig.  Z Magnitude  of  scatterii  amplitude  vs 
ka  - t t bdckscatter  frun  spherical 
B4C  inclusion  in  SiC  matrix. 


In  the  experiments  only  the  absolute 
magnitude  jA^I  is  yielded.  Since  it  is  know 
theoretically  that  > 0 for  spheroidal  voids,  the 
absence  of  the  sign  of  A^  m the  experimental 
output  is  of  no  consequence.  However,  this  may  be 
a serious  lack  in  the  case  of  more  general 
scatte.ers. 

In  Fig.  3 we  ill'jstrate  the  logical  equations 
involved  in  obtaining  experimental  values  of  A^, 


Fig.  3 Experimental  determination  of  ^2  ^^d 
comparison  with  theory. 


the  computation  of  the  correspionding  theoretical 
values  and  the  comparison  of  the  two.  The  problems 
entailed  in  the  extraction  of  A2  from  experimental 
data  are  discussed  by  Elsley."*  1 remainder  of 
the  present  section  is  devoted  to  ,ne  discussion  of 
the  computation  of  the  theoretical  values  of  A^. 

The  comparison  of  theory  and  experiment  is  taken  up 
in  the  next  section. 
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We  will  not  give  d detailed  discusston  here 
of  the  theorettcil  treitment'"^  of  the  low 
frequency  scettering  of  elastic  waves  from  general 
spheroidal  inclusions.  It  will  suffice  here  to 
present  a description  of  the  input  and  output  of 
the  computer  program  LOWSCATEL.  Actually,  the 
input  is  presently  given  in  a form  suitable  for 
general  ellipsoidal  inclusions  of  isotropic 
material  even  though  the  internal  algorithm  has  not 
yet  been  extended  beyond  the  spheroidal  case.  In 
setting  up  a framework  for  the  description  of  the 


input,  we  use  a Cartesian  coordinate  systan  (x.y,?) 
with  the  associated  unit  vectors  e_,  ? and  e^. 

The  principal  ax  s of  the  ellipsoid  are  defined  by 
the  mutually  perj  'dirular  vectors  J,  v,  and  w and 
the  corresponding  semi -axis  lengths  are  directed  by 
a,  b,  and  c.  The  material  properties  of  the  host 
material  are  the  density  and  the  two  aw  constant 
denoted  by  P,  A and  p and  the  correspi'ndiini 
properties  of  the  inclusion  are  denoted  by 
p SP,  A tfX  and  p rfi/ijn  the  case  o<  a - we 

set  4p*  -P,  SA  • -A  and  6p  • -p.  Einally,  w ' 
include  the  set  of  incident  and  scattered  wave 
directions  defined  by  the  unit  vectors  V and  e". 
respectively,  in  order  to  specify  the  configura- 
tions of  interest.  The  output  of  the  corniuter 
program  is  simply,  Aj  • for  the  case  u 

longitudinal-to-longitudinal  scattering  of  elastic 
waves. 


In  the  particular  cases  of  interest  here,  we 

took 


u 

a 

P 


H 


V • ey,  w - e^ 
b • 0.04  cm  and  c ■ 
4.42  gm  cm*^,  c,  ■ 
■ 0.303  cm  psec*^ 


' 0.02  cm 
0.634  cm  psec'* 


The  A and  M for  the  host  material  (titanium) 
were  determined  from  the  above  values  of  the  host 
material  longitudinal  and  transverse  propagation 
velocities,  Cj  and  c^,  respectively.  The  selected 
sets  of  Incident  and  scattered  directions  will  be 
indicated  in  the  next  section. 


COMPAHISOW  or  THEORY  AND  EXPERIMENT 


fig.  4 Experimental  geometry  for  pitch-catch 
measurements 


Fig.  5 Experimental  geometry  for  pulse-echo 
measurements. 


We  turn  now  to  a comparison  of  the  theoretical 
and  experimental  results.  Both  pitch-catch  and 
pulse-echo  types  of  scattering  measurements  are 
considered.  In  Figs.  4 and  S the  geometries  and 
associated  notation  pertaining  to  these  types  are 
presented. 

Figure  4 shows  the  geometrical  setup  in  which 
the  Incident  beam  propagates  in  the  negative  z- 
direction  (the  z-axis  Is  chosen  as  the  axis  of 
symmetry  of  the  spheroid).  All  of  the  scattering 
(i.e. , observer)  directions  chosen  in  the 
experiments  are  co-planar  with  each  other  and  with 
the  incident  direction  (i.e.,  there  is  a single 
scattering  plane  common  to  all  experiments).  The 
scattered  direction  is  defined  by  the  polar  angle  6 
as  shown.  Clearly,  in  the  case  of  a spherical 
void,  all  incident  directions  are  equivalent. 

In  Fig.  5 the  geometry  of  the  pulse-echo  type 
of  measurement  is  shown.  Here  the  common  angular 
position  of  the  “points*  of  entry  and  exit  of  the 
incident  and  scattered  waves,  respectively,  is 


defined  by  the  polar  angled.  As  in  the  previous 
case  the  measurements  are  confined  to  a single 
scattering  plane. 

We  first  discuss  the  pitch-catch  measurements 
obtained  by  Tittmann  and  Morris.  The  absolute 
value  of  deconvolved  experimental  results 
(appropriately  desensitized)  were  extrapolated  from 
a range  of  frequencies  for  which  they  were  valid, 
to  low  frequencies  to  obtain  a quantity  that  Is 
proportional  to  |Ay|.  The  proportionality  factor 
enters  because  of  the  calibration  ex^ler1ment5  used 
to  normalize  the  data  for  variation  in  the 
transducer  efficiency  have  slightly  different 
diffraction  properties  than  the  scattering 
measurement.  Assuming  that  the  proportionality 
factor  is  the  same  for  all  experiments,  we  can 
obtain  this  factor  by  comparison  of  a set  of 
control  experiments  with  theory.  For  the  latter, 
scattering  from  a spherical  void  of  40ii  urn  diameter 
was  chosen.  The  results  are  presented  in  Table  1 
for  the  configurations  of  Fig.  4 corres(>ondi ng  to 
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Table  1.  Scattering  from  a spherical  void  deter- 
mination of  experimental  factor  B. 
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e - 35*.  45T  55',  65*,  and  75°.  The  results  are 
denoted  by  where  fi  Is  the  experimental 

proportionality  factor.  Actually,  as  stated 
before,  the  absolute  value  0"'|A2|  Is  measured, 
however,  since  A^  Is  known  to  be  positive,  the 
absolute  value  symbol  |*J  will  be  dropped.  The 
experimental  values  of^'^Ao  given  In  the  third 
column  of  Table  1 are  divided  Into  the  theoretical 
values  of  A^  given  In  the  second  column  to  yield 
the  values  of  given  In  the  fourth  column.  The 
average  value.of  these  last  results  turned  out  to 
be  3.03  X 10*‘,  a value  used  for  converting  all 
experimental  results  Into  meaningful  values  of  ^2 
expressed  In  the  units:  cm  psec^.  The  comparison 
of  the  experimental  and  theoretical  values  of  Ai, 
given  In  the  second  and  fifth  columns  of  Table  I 
are  shown  graphically  In  Fig.  6.  The  agreement  of 


the  sample-average  values  Is, 

of  course. 
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Fig.  6 Scattering  In  configuration  of  Fig.  4 
for  spherical  void  and  spheroidal  void. 
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tautological.  However,  the  agreement  of  trends, 
which  Is  not  tautological,  can  be  seen  to  be  quite 
satisfactory. 

It  Is  worthy  of  note  that  the  experimental 
proportionality  factor d can  be  determined 
theoretically  with  the  result: 


In  which  R Is  the  radius  ol  the  sphere  in  Fig.  4 
and  where  a factor  of  {2»)^  in  the  denominator 
comes  from  the  conversion  of  frequency  In  cycles 
per  unit  time  to  radians  per  unit  time.  Since 
R - 1.1  In  • 1.79  cm,  we  obtain  ()-  0.035  cm  vAilch 
compares  surprisingly  well  with  the  exi'erimental 
value  0.0303. 

In  Table  II  we  give  the  experimental  results 

and  the  correcteil  results  Ap  for  the 
configurations  of  Fig.  1 with  9-  35°,  45°,  55°, 
65°,  75°,  85°,  and  90°  for  an  oblate  spheroidal 


Table  2.  Scattering  from  a spheroidal  void 
(configurations  of  Fig.  4ta)) 
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?8  1 

0.85 

Hb 

U.66b 

Z/.O 

0.67 

90 

0.658 

2\.2 

0.64 

void.  It  Is  assumed  that  the  same  value  of 
applies.  The  comparison  with  the  theoretical 
values  of  Ap  Is  very  good  If  the  points  for  9-  35° 
and  45°  are  omitted.  The  rather  significant  devia- 
tions at  the  latter  values  of  9 are  believed  to 
Involve  a substantial  systematic  component  which  is 
presumably  due  to  the  spurious  propagation  effects 
discussed  by  Elsley.^  The  comparison  is  also  shown 
graphical ly  In  Fig.  6. 


He  turn  now  to  a discussion  of  the  pulse-echo 
measurements  obtained  by  tisley  and  Nadler.*' 

Their  results  are  compared  with  theory  in  Table  111 
and  Fig.  7.  The  comparison  Is  surprisingly  good 
with  a relative  error  of  only  3.9X.  It  must  be 
emphasized  that  we  have  used  the  old  value  of  the 
experimental  factor  (1,  namely  0.0303.  An 
adjustment  of  this  value  could  bring  down  the 
relative  error  to  2.8X.  It  is  clear  that  these 
measurements  are  less  vulnerable  to  the  kinds  of 
systematic  error  Involved  in  the  earlier  pitch- 
catch  measurements. 
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Table  3.  bcattering  from  a spheroidal  void 
pulse-echo  case 

U • K ■ U.U4  cn.  c • U c*.  ■ I,  stnv  - tj  cOiS  I 
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Fig.  7 Pulse-echo  measurements  of  scattering 
from  spheroidal  void. 


Fig.  8 The  inverse  scattering  procedure. 


We  will  pursue  a probabilistic  approach  in 
which  we  start  with  a statistical  ensemble  of 
scatterer  properties  and  measurement  errors  and 
then  remove  the  members  inconsistent  with  the 
scattering  data  obtained  from  the  measurements. 

The  best  estimates  of  the  geometrical  properties  of 
the  spheroidal  void  are  then  the  average  or  most 
probable  values  of  these  properties  In  the 
resultant  reduced  ensemble.  The  a posteriori 
variances  of  these  properties  (i.e.,  the  variances 
In  the  reduced  ensemble)  are  used  as  a measure  of 
significance  or,  equivalently,  the  "leverage" 
exerted  by  the  scattering  data  on  the  properties  of 
the  scatterer. 

Let  us  model  the  possible  results  of  the 
scattering  measurement  (assumed  in  all  cases  to  be 
longitudinal-to-longitudinal ) by  the  stochastic 
expression: 


^n 


fn(x) 


1. 


(1) 


where  y^  Is  a possible  measured  value  and  Vj,  the 
measurement  error.  The  function  f„(x)  is  given  by 


fin’; 


(2) 


INVLRSE  SCATTERING  AND  FKACTUKE  MECHANICS 


In  the  present  section  we  discuss  the 
inversion  procedure  employed  in  deducing  the 
geometrical  paraneters  of  the  spheroidal  void  from 
the  scattering  data.  We  also  Include  a short 
discussion  of  the  calculation  of  the  normalized 
stress  Intensity  factor  k[.  For  the  purpose  of 
Inversion  we  assume,  of  course,  that  we  do  not 
know,  a priori,  the  geometrical  parameters — only 
that  we  know  that  the  scatterer  is  a spheroidal 
void  of  some  kind.  The  material  properties  of  the 
host  material  are  assumed  known  and  have  the  values 
listed  in  Section  II.  The  total  inversion 
procedure  is  represented  by  the  block  diagram  shown 
In  Fig.  8. 


where  A2(e*,  e’ ; x)  Is  the  coefficient  of  In  the 
w-expanslon  of  the  longitudloal-to-longltudlnal 
scattering  amplitude  A(l*,  V,u>-,  x)  as  discussed 
In  Section  II.  The  unit  vectors  4’  and  4®  define 
the  directions  of  the  incident  and  scattered 
longitudinal  elastic  waves.  The  subscript  n added 
to  these  vectors  denotes  the  configuration  used  In 
the  nth  measurement.  The  vector  x represents  the 
geometrical  properties  of  the  void.  In  the 
spheroidal  case  we  assume  that  the  semi-axis 
lengths  are  denoted  by  a,  a and  c and  that  the  axis 
of  symmetry  Is  given  by 


e y+e  7+e(l-T 
X X y y X X 


- Ty  ) 


(3) 
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P(x|y)  - P(y|x)P(*)/P(y) 


I 

i 


I 


where  e^,  ( atnl  e^  are  the  unit  vectors  in  the  x, 
y and  i dtricllons  and  where  y ami  7 are  the 
direction  cosines  associafed  with  the^x  and  y 
directions  as  shown  in  fig.  9.  Thus  the  vector  x 
is  given  by 


y 


X 


fig.  9 Characterizat Ion  of  spheroidal 
geometry. 


(/) 


tdiere 


and  where 


P(y|x)P(x) 


(«) 


(9) 


from  the  previous  assumptions  we  obtain 

log  P(y|x)  * * const.  , (lU) 

2o/ 

where 

' i 2 


It  is  to  be  stressed  that  the  Cartesian  coordinates 
(x,y,z)  are  defined  in  the  laboratory  frame  of 
reference  and  have  no  necessary  relation  to  the 
axis  of  symmetry  of  the  spheroid.  It  is  hoped  that 
the  state  vector  x and  the  Cartesian  coordinate  x 
will  not  be  confused. 

The  definition  of  the  stochastic  model  is 
completed  by  the  specification  of  the  a priori 
statistical  properties  of  the  state  vector  x and 
the  and  is  characterized  by  the  probability 
density  (p.d.)  P(x).  The  measurement  errors  are 
assumed  to  the  Gaussian*  random  variables  with 
propert les 


is  the  sum  of  squares  of  the  deviations  of  the  y„ 
from  the  functions  fn(*)* 

Let  us  consider  the  mean  square  criterion  of 
opt Imal Ity 

< • l(x-xl^  W(x-x)  (12) 

where  x • x(y)  is  the  estimator  of  x and  where  W Is 
a symmetric  positive-definite  matrix  of  weighting 
factors.  The  mlnlmiiii  of  f with  respect  to  the 
functional  form  of  x(y)  is  given  by  a posteriori 
average 

x(y)  * 1 ('!>) 

X P(x|y)  (U) 


t •«„ 


0 (b) 


2 

0.  6, 


where  E is  the  averaging  (or  expectation)  operator 
In  the  a priori  sense. 

Whatever  1$  chosen  for  the  criterion  of 
perfonnance  of  the  estimation  process,  we  must 
calculate  the  observational ly  conditioned  p.d.  of  x 
given  by 

♦The  assumption  of  Gaussianity  is  inconsistent  with 
the  assumption  that  and  the  f_  are  positive. 
However,  this  Is  unimixirtant  if  1* 


where  i'(x|y)  Is  given  by  (T).  We  will  use  the  a 
posteriori  covariance’matrlx  defined  by  ~ 

Cov(x|y).E(x  x^|y)  - t(x|y)l(xTly)  (14) 


as  the  measure  of  confidence  or  significance.  This 
tel  Is  us  how  much  the  ^ priori  p.d.  P(x)  Is 
"narrowed  down"  by  the  experimental  factor  P(y|x] 

In  (7).  In  other  words,  how  much  "leverage"  the 
experimental  data  has  on  the  scatterev  parameters 
defined  by  x.  The  measuring  of  a posteriori  vari- 
ances (or  equivalently  i posteriori  standard 
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duration)  Is  illustrated  in  Fig.  10  with  i scalar 
state  a. 


Fig.  10  Variance  reduction  by  conditioning  on 
iiwasureiipnt  s. 


In  the  explicit  cunipy  tat  ions  wi-  made  several 
approximat ions.  The  first  was  approximating  the  ^ 
posteriori  average  by  the  a posteriori  mode,  i.e., 

X • t(x|y)  V (lb) 


where  x^^^  Is  the  value  of  x for  which  P(xly)  is  a 
maximum.  Alternatively,  we  could  have  used  a 
different  optimality  criterion,  in  teniis  of  which 
the  mode  is  exact.  Ihe  second  approximation  is  the 
computation  of  the  a posteriori  covariance  by 
expanding  lA,  def inexi  by  (11),  in  a power  series 
about  the  point  and  ignoring  terms  higher  than 
quadratic. 

The  first  set  of  estimates  were  made  with 
pitch-catch  data  as  inputs.  «»•  considered  both 
noiseless  theoretical  data  and  actual  experimental 
data  as  summarised  in  Table  II. 

In  Table  IV  we  present  estimates  of  a,  c,  y^, 
an<l  y basexi  upon  the  above  ex(ier1nwntal  data,  (or 
the  some  of  verification,  we  also  present  estimates 


Table  4.  fstimates  based  on  pitch-catch 
measurements 
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based  u(xin  theoretical  noiseless  test  data.  The 
estimates  basexi  on  actual  extier imental  data  cxwipare 


surprisingly  well  with  the  exact  values,  even  in 
spite  of  the  effects  of  systematic  eiror. 

In  Table  V are  given  the  posteriori 
standard  de.viations  of  the  scatterer  parameters 
(i.e.,  the  square  roots  of  the  diagonal  elements  of 
Cov(xfy)  defined  by  (14)),  appropriately 


Table  b.  Normalized  standard  deviations  (a 
posteriori)  (A  sumnary  of  estimates 
based  on  pitch-catch  measunxmients . 
R.M.b.  Measurement  error*  • 10'^ 


(Xiantity 

Experimental 

Data 

Theortical 
Test  Data 

(s.d.a)/a 

0.071 

0.21 

{s.d.c)/c 

0.67 

1.28 

S.d. 

0.28 

0.54 

s.d.  Y, 

- 

- 

•Relative  r.m.s.  error  • lOJ 

noniialized.  In  the  case  of  the  seii'i-axis  lengths  a 
and  c we  divide  their  respective  standard 
deviations  by  their  best  estimates.  In  the  case  of 
the  dimensionless  direction  cosines  and  such 
normalization  seems  to  be  unnecessary.  In  these 
computations,  the  r.m.s.  exiierimental  error  is 
assumed  to  have  the  value  xT|.-  10'^  (corresponding 
to  an  approximate  relat i ve  r.m.s.  relative  error  of 
10%).  Since  the  experimental  data,  synthetic  or 
actual,  is  confined  to  a single  scattering  plane 
(assumed  to  be  the  xz-plane  in  our  coordinate 
system),  the  standard  deviations  of  y (the  cosine 
of  the  angle  between  y-axis  and  the  sjnimetry  axis 
of  the  spheroid)  is  oniItttKl  because  the 
approximation  involved  in  its  computations  is  not 
val id. 

It  may  appear  inconsistent  to  present  a_ 
posteriori  standarxi  deviations  basexi  on  noisc'less 
theoretical  test  data.  It  must  be  (lointed  out  that 
the  standard  deviations  of  x are  actually  based 
upon  the  model  (1)  with  the  associated  assumptions 
(5)  and  (6)  giving  the  statistical  nature  of  the 
experimental  errors.  The  variance  of  the  experi- 
mental errors  is  determined  from  an  inde(iendent 
comparison  of  experiment  with  theory  and  not  from 
the  input  data  uschI  in  the  estimation  procx'dure. 

We  turn  next  to  a consideration  x'f  estimates 
based  uixin  pulse-echo  data.  Here  wi-  use  the  actual 
experimental  data  and  noiseless  theoretical  test 
data  summarized  in  Table  III  of  the  last  section. 

In  Table  VI  we  present  estimates  of  the  scatterer 
parameters  a,  c,  y^^  and  y for  both  Kinds  of  input 
data.  The  agreement  bintaben  the  estimates  based  on 
actual  experimental  data  anxi  the  exact  parameter 
values  is  unbelievably  goxid  and  must  be  regardxHt  as 
partially  accidental.  But  it  is  (x-rhaps  also  due 
to  the  fact  that  it  appears,  as  wx'  will  discuss 
later,  that  the  pulse-echo  data  has  considerably 
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Tible  b.  estimates  based  on  pulse-ecbo  measui-e- 


ments. 
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better  “leverage"  on  the  scatterer  parameters  than 
does  the  pitch-catch  data. 


In  Table  VII  md  give  the  normalised  standard 
deviations  (a  posteriori)  of  the  scatterer 
parameters  In  tile  present  case  of  pulse-echo 


Table  7.  Normalised  standard  deviations  ( a 
posteriori)  based  on  pulse-echo 
ireasurements 


* Malativ*  r • %.  »r«w  ■ 4 
**  r frrM  • IOt 

measurements.  In  the  second  and  third  columns  are 
listed  the  values  of  these  quantities  based  on 
actual  experimental  and  on  noiseless  theoretical 
test  data,  respectively.  In  these  computations,  tee 
assume  that  the  r.m.s-  experimental  error  has  the 
value  0.46  x 10"^,  a result  based  upon  the 
deviations  between  experimental  and  theoretical 
results  discussed  In  the  last  section.  It  is  to  be 
noted  the  relative  staqdard  deviation  of  the  long 
semi-axis  length  a is  only  aboiit  1.6t.  The 
corresponding  quantity  for  the  short  semi-axis 
length  c Is,  as  usual,  maqy  times  larger.  The 
standard  deviation  of  Is  about  lOt  which  Is 
still  satisfactory  for  our  purposes.  The  values  of 
the  standard  deviation  of  have  been  omitted  for 
the  same  reasons  as  before.'^ 

It  Is  of  fundamental  Interest  to  reconsider 
the  normalized  standard  deviations,  both  In  the 
present  pulse-echo  case  and  In  the  previous  pitch- 
catch  case,  as  measures  of  experimental  “leverage* 
on  the  scatterer  paraxieters.  For  the  purpose  of 
comparison,  we  have  recomputed  the  normalized 
standard  deviations  In  the  pulse-echo  with  the  same 
value  of  as  was  used  In  the  pitch-catch  case, 
namely  (^-1  x 10'’.  The  results  are  tabulated  In 
the  fourth  and  fifth  columns.  Comparing  the 
results  for  noiseless  theoretical  test  data  In  both 
cases,  the  reader  will  note  that  the  relative 


standard  deviation  of  a Is  about  1/6  as  large  in 
the  pulse-echo  case  as  in  the  pitch-catch  case,  the 
relative  standard  deviation  of  c is  about  1/V  as 
large  and,  finally,  the  standard  deviation  of  is 
about  1/2  as  large.  Thus,  the  experiment.il 
leverage  Is  markedly  better  in  the  pulse-echo  case 
than  in  the  pitch-case,  particularly  for  the 
parameter  c.  The  number  of  data  points  Is  nearly 
the  same  In  both  cases. 

It  is  of  critical  importance  to  consider  the 
significance  of  the  present  results  in  the  context 
of  failure  prediction  or,  almost  equivalently,  the 
making  of  an  accept-vs-rejecl  decision.  Clearly, 
as  discussed  in  Section  1,  then  exists  a mote 
complex  theoretical  structure  connecting  our 
present  results  with  the  concerns  of  the  final  user 
of  an  NDl  system.  In  .ny  case,  a significant  first 
step  In  this  directlo  s the  estimation  of  certain 
quantities  of  significance  in  fracture  mechanics. 
One  such  quantity  Is  the  stress  intensity  factor  kj 
measuring  the  tendency  of  a crack  in,  for  example, 
a metal  to  propagate  under  the  application  of  a 
mode  1 stress  (I.e.,  a uniaxial  stress  oriented 
perpendicular  to  the  plane  of  the  crack). 

To  be  sure,  the  spheroidal  void,  considered  in 
the  previous  discussion.  Is  hardly  sufficiently 
degenerate  to  be  regarded  as  a crack.  Howru  " 
based  upon  the  discussion  of  Tetelman  and 
NcEv11y,*‘  It  appears  that  the  concept  ran  he 
meaningfully  extended  to  the  case  of  not 
degenerate  spheroidal  voids.  In  aqy  case  t.n 
definition 


where  o Is  the  applied  stress,  will  suffice  for  our 
present  purposes. 

In  Table  VIII  we  give  both  the  best  estimate 
kj  and  the  relative  standard  deviation  s.d.k./kj 
for  both  pitch-catch  and  pulse-echo  Input  data.  In 
our  view,  the  significance  of  these  estimates  (as 


Table  8.  Estimate  of  k,  and  relative  st.  dev. 
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medsured  by  the  relative  standard  deviation)  is 
more  than  adequate  for  NDE  purposes,  particularly 
in  the  pulse-echo  case. 

f.  DISCUSSION 

Our  accomplishments  can  be  briefly  summarized 
as  follows; 

(1)  Successful  determination  of  A2 
(A  • A2tj  + ...)  from  scattering 
measurements. 

(2)  Comparison  of  experiment  with  exact 
theory  with  highly  satisfactory 
resul  ts. 

(3)  Solution  of  inverse  scattering  problem 
(under  spheroidal  void  assumption). 

(4)  Development  of  software  for  all  modules 
involved  in  deducing  fracture  mechanics 
parameters  from  low  frequency  scattering 
measurements. 

Even  though  these  results  have  been  obtained  under 
simplifying  constraints,  '.hoy  strongly  suggest  that 
this  appro  has  promise  for  NDE. 

The  j icipal  advantages  of  the  present 
approach  are  listed  below: 

(1)  Exact  scattering  t .eory  is  available  for 
ellipsoidal  voids. 

(2)  1.0W  frt  .ency  scattering  measurements 
are  sensitive  mainly  to  features  that 
are  important  in  fracture. 

(3)  Low  frequency  scattering  measurements 
are  relatively  insensitive  to 
attenuation  and  spurious  scattering  in 
host  medium. 

(4)  In  the  inversion  program  the  parameter  a 
(the  long  dimension  of  the  spheroidal 
void)  is  estimated  with  good  “leverage" 
and  the  fracture  mechanics  parameter  kj 
is  estimated  with  even  better 
"leverage." 

(5)  Good  potential  for  the  implementation  of 
high  speed  automation. 

Clearly,  there  remain  a host  of  problems  for 
future  consideration,  A few  of  these  are; 

(1)  Further  improvement  of  the  post- 
experiment  data  processing  in  the 
pitch-catch  case. 

(2)  Isolation  of  a particular  scatlerer  from 
competing  scatterers  in  taking  the  low 
frequency  limit. 

(3)  Extension  of  the  analysis  to  Include 
general  ellipsoidal  inclusions  (voids 
are  a special  case). 


(4)  Extension  to  the  more  general  case  of 
scatterers  not  having  ellipsoidal 
geometry. 

(5)  Transfer  of  algorithms  to  minicomputers 
suitable  for  field  equipment. 

(6)  Formulation  of  the  theoretical  structure 
extending  from  the  outputs  of  the 
inverse  scattering  algorithms  to  the 
final  accept-vs-reject  decision. 
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M.  F.  Whalen  and  A.  N.  Mucclardi 
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ABSTRACT 

The  objective  of  this  work  has  been  to  demonstrate  the  feasibility  of  estimating  automatically  the 
size  and  orientation  of  subsurface  defects  in  metals.  The  approach  has  been  to  (1)  obtain  computer- 
generated  spectra  from  various  elastic  scattering  theories,  (2)  use  these  spectra  to  train  empirical 
nonlinear  Adaptive  Learning  Network  (ALN)  models,  and  (3)  evaluate  the  theoretically  trained  ALN's  on 
eight  physically  recorded  defect  specimens  via  a blind  test.  The  results  demonstrate  that  very  good 
defect  characterization  is  possible  and  that  a fully  automatic  and  general  purpose  NOE  system  can  be 
implemented.  An  average  orientation  error  of  10.2  degrees  has  been  achieved  and  the  defect  average  vol- 
ume error  is  17.5  percent. 

The  ALN  models  were  synthesized  using  theoretically  generated  spectral  scattering  data  from  the  Born 
Approximation  (BORN),  the  Extended  Quasti-Static  Approximation  (EQSA),  and  the  Scattering  Matrix  Method 
(SMM)  digital  computer  programs.  The  type  of  defects  simulated  were  oblate  spheroidal  voids  in  a Titanium 
a 11 oy . 

The  ultimate  significance  of  this  work  is  to  further  support  the  mounting  evidence  that  theoretical 
computer  models  can  be  used  as  ultrasonic  calibration  data  iji  place  of  building  physical  specimens.  The 
capability  of  (1)  simulating  many  difficult-to-produce  defect/geometiMcal  reflector  scenarios  in  various 
metal  matrices  and,  (2)  using  the  ALN  methodology  to  develop  automatic  detection,  characterization  and 
sizing  met  lods  using  the  simulated  ultrasonic  echoes  will  yield  tremendous  economic  benefits. 


SUMMARY  OF  RESULTS, 

conclusTMsT  i RECOWENPATIONS 


Results: 

1.  The  lowest  average  percentage  errors  made  in 
estimates  of  the  defect  size  parameters  "A" 
and  "B"  were  20.0  and  5.9  percent,  respective- 
ly. For  the  orientation  parameters  "a"  and 
"S",  the  errors  were  6.7  and  5.1  percent, 
respectively,  ihe  error  in  estimating  the 
defect  volume  computed  from  the  individual 
estimates  of  "A"  and  "B",  was  17.5  percent. 
Furthermore,  the  three-dimensional  average 
orientation  error  over  the  eight  experiments 
was  only  10.2  degrees.  These  results  demon- 
strate the  feasibility  of  producing  an  auto- 
matic flaw  characterization  algorithm  via  ALN 
means. 

2.  It  was  found  that  the  long  wavelength  A2 
coefficient  provides  significant  information 
relative  to  the  size  and  orientation  of 
spheroidal  defects.  For  pitch-multiple-catch 
(PMC)  data,  A2  was  successfully  used  in  con- 
junction with  other  spectral  features  to 
estimate  the  shorter  defect  radius  (A)  and  the 
defect's  polar  angle  (<■').  Also,  a favorable 
comparison  existed  between  experimental  and 
theoretically  generated  PMc  data.  This  favor- 
able comparison  could  not  be  observed  for 
pulse-echo  (PE)  data  since  the  PE  experimental 
data  had  been  optimized  to  give  maximum  spec- 
tral bandwidth  rather  than  reliable  informa- 
tion in  the  low  freguency  (long-wavelength) 
regime.  However,  for  the  theoretical  data, 

a correlation  of  0.97  was  found  to  exist 
between  the  defect's  larger  radius  (B)  and 
the  average  value  of  Ap  computed  from  the 


inner  ring  (O'BO")  PE  transducers;  also,  a 
correlation  of  0.96  existed  between  the  de- 
fect's polar  angle  (a)  and  the  ratio  of 
inner  to  outer  ring  average  value  of  A,. 

Ihese  results  clearly  demonstrate  the  balue 
of  Ap  as  a oarameter  for  size  and  orientation 
estimates. 

3.  A completely  automatic  and  general  ALN  pro- 
cessing algorithm  has  been  developed  for 
defect  flaw  characterization  which  also 
includes  a fully  automatic  means  of  computing 
the  long  wavelength  A;  coefficient.  The 
algorithm  employs  deconvolution  of  the  trans- 
ducer characteristic  so  that  the  solution 

of  problems  can  be  achieved  using  any  commer- 
cially available  5 MHz  search  unit. 

4.  Use  of  the  transducer  arrangement  in  the 
pulse-echo  (PE)  mode  yielded  better  results 
than  the  pitch-multiple-catch  (PMC)  nKide,  at 
least  when  using  ALN  models  trained  on  the 
BOHN  approximation  data.  This  statement  is 
supported  by  the  fact  that  the  average  orien- 
tation error  improved  by  7.3  degrees  when 
changing  from  a PMC  to  a PE  transducer 
arrangement,  also,  the  total  number  of 
waveforms  needed  for  PE  array  processing  was 
a factor  of  3 less  than  that  of  PMC. 

b.  A qualitative  comparison  of  the  PL  scattering 
data  generated  by  each  of  three  theories 
(BOHN,  EQSA,  and  SMM)  and  experimental  data 
was  perfonned.  The  BOHN  and  EQSA  spectra! 


shapes  were  found  to  be  Identical  for  oblate 
tpheroidal  void  scatterers.  The  only  observed 
difference  between  BOKN  and  EQSA  data  was 
that  EQbA's  spatial  distribution  of  the  total 
power  feature  (in  the  range  of  0.4vka'3.5) 
was  more  closely  matched  to  the  experimental  2. 
data.  The  spectral  bandwidth  li.e.,  the  second 
spectral  moment)  tor  these  two  theories  was 
also  in  good  agreement  with  that  observed 
from  experiment,  bpectral  data  produced  by 
the  SMM  theory  possessed  greater  detail  than 
that  of  the  bORN  and  EQbA  theories.  In  this 
respect,  SMM  spectra  provided  a closer  match 
to  experimental  spectra.  The  SxW  data  was 
the  closest  of  three  theories  to  faithfully 
mimic  the  center  frequency  (first  spectral 
moment)  spatial  distribution. 


increasing  the  number  of  elements  in  the 
transmit/receive  array;  and  (3)  possibly, 
changing  the  transducer  array  to  a more 
equispaced  configuration. 

The  present  study  was  conierned  with  evalua- 
ting three  scattering  theories  on  a coimxin 
basis.  In  doing  so,  the  SMM  theory  was  con- 
siderably under-uti 1 ited  because  the  phase 
information,  not  found  in  the  BORN  or  ECliA 
program,  was  discarded  from  analysis  for  the 
sake  of  maintaining  a comnon  basis  for  com- 
parison. The  additional  infonmation  provided 
by  the  phase  spectrum  should  be  very  useful 
in  characterizing  flaws.  Therefore,  it  is 
recomnended  that  the  SMM  phase  information  be 
incorporated  in  all  future  work. 


b.  From  a quantitative  viewpoint,  the  three 

theories  yielded  almost  identical  orientation 
estimates,  with  an  average  error  of  approxi- 
mately 1 2 degrees  iover  a possible  1»0  de- 
grees). However,  the  average  error  in  com- 
puting the  defect's  size  varied  among  the 
three  theories.  For  BORN,  EQSA,  and  SWi,  the 
average  size  errors  were  32,  26,  and  54 
microns,  respectively. 

lonclusions 

1.  use  of  theoretically  generated  data  combined 
with  ALN  technology  to  accurately  and  auto- 
matically characterize  spheroida I -shaped 
flaws  via  ultrasonic  inspection  has  been 
favorably  established. 

2.  The  EQ5A  theory,  compared  to  the  BORN  theory, 
provides  a closer  approximation  to  experimen- 
tal scattering  data.  This  is  supported  by 
the  facts  that  (I)  the  EQSA-trained  size 
models  were  more  accurate  than  BORN  when  eva- 
luated on  experimental  data;  and,  (2)  the 
EQSA  total  power  spatial  distributions  were 
in  excellent  agreement  with  the  experimen- 
tally observed  distributions.  The  EQSA  pro- 
gram (written  by  J.  Gubernatis)  is  also  very 
efficient  in  generating  large  data  bases.  It 
Is  therefore  recommended  that  other  groups 
interested  in  inversion  techniques  consider 
the  EQSA  theory  in  place  of  the  BORN  theory. 
The  SMH  theory  provides  the  closest  match  to 
experiments  than  the  other  theories  investi- 
gated. However,  it  is  believed  more  analysis 
is  needed  to  make  best  use  of  the  "more 
detailed"  spectral  information. 

3.  The  orientation  estimates  for  BORN  PE  models 
are  superior  to  the  BORN  PKC  models  probably 
because  the  BORN  approximation  is  most  accur- 
ate in  the  backscatter  position.  A qualita- 
tive observation  to  support  this  fact  was 
that  the  radiation  pattern  (or  polar  plot) 

of  the  scattered  energy  was  "sharper"  (i.e., 
more  peaked)  for  the  PE  mode  than  in  the  PMi 
mode  and  matched  experimental  results  more 
closely . 

Recomwendations 

1.  improvements  in  estimating  defect  size  and 
orientation  can  be  achieved  by  )!)  increasing 
the  number  of  experiments  in  the  training 
set  from,  say,  240  to  about  lOtiO;  i2) 


3.  J.  Rose's  transformation  from  frequency  to 
R-space  should  be  Incorporated  into  the  ALN 
procedure  to  test  its  utility  for  yielding 
further  improvements  in  defect  characteri- 
zation. 

4.  in  the  development  of  further  flaw  character- 
ization systems,  a "combined  theory'  data 
base  might  be  considered,  where  the  best 
features  of  each  theory  would  be  used  for 
ALN  model  synthesis.  In  this  manner,  a 
larger  and  more  representative  feature  set 
could  possibly  be  postulated. 

5.  The  present  study  is  concerned  with  L *l  mode 
scattering  only;  however,  l -S  mode  scattering 
should  also  he  considered  in  future  work  since 
the  ripple  period  in  the  scattered  shear  wave 
spectrum  is  more  observable  than  in  the 
scattered  longitudinal  spectrum. 

b.  In  order  to  realize  a quantitative  NUE  flaw 
characterization  system,  the  ability  to  dis- 
criminate between  crack-like  defects  and 
ellipsoidal-shaped  defects  is  necessary.  A 
completely  automatic  ALN-based  NUE  system 
will  need  to  characterize  both  two-  and  three- 
dimensional  flaws.  The  present  work  has 
addressed  three-dimensional  defects,  t sim- 
ilar effort  should  now  be  performed  to  char- 
acterize the  size  and  orientation  of  two- 
dimensional  flaws.  Also,  an  ability  to 
discriminate  between  two-  and  three-dimensional 
flaws  will  be  needed  as  Illustrated  in  Fig.  1. 

It  is  reconnicnded  that  the  coming  year's  work 
focus  on  impli'menting  the  system  shown  in 
Fig.  1 . 

INTROPUCTION 

Ihe  determination  of  the  characteristics  of 
subsurface  defects  in  materials  by  non-invasive 
techniques  is  an  important  and  challenging  task 
in  the  non-destructive  evaluation  (NPE ) of  materials. 

The  description  of  the  scattering  wave  equa- 
tions for  defects  of  known  geometries  and  material 
properties  --  the  "foixard"  problem  --  has  been 
a topic  of  several  Investigations,  krumhansl, 

Oomany  and  Gubernatis  were  responsible  for  apply- 
ing the  BORN  approximation  to  estinvite  the  scat- 
tered power  spectrum  from  spheroidal -shaped  defects. 
[1].  Gubernatis  later  used  a nxire  powerful  tech- 
nique, known  as  the  extended  quasi-static  approxi- 
nvition,  to  estimate  scattered  fields  from  spheroids 
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Fig.  1.  Decision  logic  for  characterizing  botn 


two  ana  three-dimensional  defects. 


[2].  Rjpid  convergence  is  on  advantage  of  both  of 
these  methods.  Varadan  and  Poa  introduced  a matrix 
approach  to  elastic  wave  scattering  applicable  to 
arbitrarily  shaped  scatterers  [3].  The  computer 
implementation  of  this  technique  requires  consid- 
erably more  computation  than  the  aforementioned 
approximation,  but  the  solutions  are  more  accurate. 
Additionally,  both  amplitude  and  phase  information 
are  yielded  from  the  SWi  solution.  Achenbach  has 
developed  and  programneJ  the  equations  of  scatter- 
ing from  elliptical  cracks  based  on  elastodynamic 
ray  theory  [4]. 

From  the  NDE  standpoint,  the  interest  has 
been  in  the  solution  of  the'Mnverse”  problem; 
namely,  how  can  the  defect  cnaracteristics  be 
described  knowing  the  theoretical,  or  observed, 
scattering  waveform,  btudies  by  Tittmann  and 
Cohen  have  crown  some  success  using  the  BURN  approxi- 
mation [5J.  Richardson  has  been  successful  with 
an  inversion  procedure  utilizing  measurements  in 
the  long  wavelength  Rayleigh  regime  [6].  Rose  has 
shown  that  the  effective  radius  of  a defect  can 
be  estimated  by  applying  sine  transforms  to  the 
scattered  amplitude  spectra  [7]. 

Mucciardi,  Whalen  and  Shankar  were  the  first 
to  apply  a systematic  and  automatic  signal  process- 
ing approach  --  Adaptive  Learning  Network  method- 
ology --  to  the  inverse  problem  [12].  This  report 
presents  results  of  this  continuing  study  in  which 
characteristics  of  spheroidal  defects,  imbedded  in 
a Ti-64  alloy,  were  measured  accurately  by  analysis 
of  the  ultrasonic  energy  scattered  from  these 
defects. 


DEFECT  geometry,  UATA  BASE, 
AND  array  CUNFiaiKATION 


The  defect  geometry,  theoretical  data  base 
characteristics,  the  transducer  array  geometry, 
and  the  experimental  data  set  are  described  in 
this  section.  Tne  present  work  has  been  confined 
to  oblate  spheroidal  voids. 

Defect  Geometry 

A spheroid  is  a three-dimensional  surface 
formed  by  rotating  an  ellipse  about  one  of  its 
axes,  when  the  rotation  is  about  the  minor  axis, 
the  result  is  an  oblate  spheroid.  The  spheroid's 
size  and  orientation  can  be  specified  uniquely  by 
four  parameters  (labelled  A.  B.  .i,  and  i)  as  illus- 
trated in  Fig.  2.  Ihe  following  definitiors  apply; 

A - minor  radius  lalong  one  dimension) 

B - major  radius  (along  two  dimensions) 
a - polar  orientation:  angle  between  positive 
2-axis  and  the  symmetry  axis 
S - azimuthal  orientation;  angle  between 
positive  X-axis  and  projection  of  the 
synmetry  axis  on  the  X-V  plane 

Ihrougnout  the  remainder  of  the  report,  the 
defect's  geometry  will  be  represented  by  these 
four  parameters.  Also,  the  ALN  models  are  syn- 
thesized to  directly  estimate  these  four  para- 
meters. Tne  spheroid's  volume  is  defined  as 
(4x/3)AB^ 


z 


Fig.  z.  Oblate  spheroid  coordinate  geometry. 
Theoret ica I Data  Base 

Identical  training  data  bases  were  generated 
from  each  of  the  three  computerized  spheroid  scat- 
tering theories  (BORN.  EQSA,  and  A total  of 

240  synthetic  experiments  were  produced  in  each 
case.  An  "experiment"  consisted  of  generating 
tne  scattered  power  spectrum  of  a differential 
cross-section  at  17  fixed  positions  in  space  for 
a given  defect  size  and  orientation.  Six  sizes, 
each  at  40  orientations,  were  represented  as  shown 
in  Table  1.  The  ka'  range  of  the  theoretical  data 
was  0.297  to  4.361.  bo.  information  in  both  tne 
long  and  medium  wavelength  regimes  was  represented. 

In  the  computer  programs,  the  elastic  con- 
stants of  tne  Ti-64  host  material  were  set  to; 

V = .965  X 10  dynes/cm 

u » .405  X 10  dynes/cm 

b • 4.42  gm/cm^ 

where  \ and  u are  the  Land  parameters  and  o is 
the  material  density. 

The  longitudinal  and  shear  wave  velocities 
in  the  medium  are  determined  from  these  values. 

The  elastic  constants  of  a void  are  all  equal  to 
zero. 


Only  L‘L  mode  scattering  was  considered. 

(Tne  shear  wave  spectrum  should  be  considered  in 
future  work  since  the  period  of  the  spectrum  is 
about  one-half  that  of  the  longitudinal  spectrum. 
Tnis  IS  an  important  consideration  in  physical 
band-limited  systems  since  the  ripple  period  con- 
tains infcrmation  relative  to  the  physical  char- 
acteristics of  the  defect. 

Transducer  Array  Geometry 

Both  pitch-multiple-catch  (PMC)  and  pulse- 
echo  (PE)  transmitter/receiver  arrays  were  used 
to  measure  the  scattered  spectrum.  Theoretical 
PMC  data  were  generated  only  for  the  BORN  program 
due  to  cost  considerations.  PE  data  were  generated 
from  each  of  the  three  scattering  theories.  Ihe 
17  transducer  positions  were  fixed  to  cover  a 
l20-degree  solid  angle  aperture  on  the  surface  of 

"ka”  is  the  product  of  the  wave  number  (^, 

X • wavelength)  and  the  detect  radius.  It  ' 
ka  « 1 . the  wavelength  is  larger  than  the  defect 
radius . 


Table  I.  Spheroidal  defect  sizes  and  orientations 
represented  by  the  theoretically- 
generated  power  spectra.  Scattering 
data  at  40  orientations  were  produced 
for  each  defect  size. 
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a spherical  part".  Hence,  33  percent  of  the 
total  surfire  area  was  covered. 

The  transducer  arrangements  for  the  PMC  mode 
are  shown  In  Fig.  3. 

The  transducer  configuration  consisted  of  two 
circular  arrays  of  eight  elements  each,  and  a top 
center  va  north  poie)  transducer.  The  "inner 
ring"  array  covered  a 6u-degree  solid  angle  sur- 
face, and  the  "outer  ring"  a 120-degree  solid  angle 
surface.  The  "north  pole"  transducer  plus  four 
transducers  in  the  outer  ring  were  used  to  transmit 
a longitudinal  wave.  Beth  inner  and  outer  rings 
were  used  as  receivers  for  the  north  pole  trans- 
mitter, but  only  the  Inner  ring  receivers  were  used 
when  transmission  was  initiated  at  any  of  the  four 
outer  ring  transmitters.  Hence,  no  PE  Information 
was  used  in  tne  PMC  mode.  A total  of  48  waveforms 
per  experiment  was  generated  In  this  manner. 

I he  theoretical  spectral  bandwidth  was  chosen, 
for  each  waveform,  to  lie  between  1.0  and  8.8  MHz 


in  incremental  steps  of  .3g  MHz.  Hence,  each 
waveform  contained  2l  points.  Only  the  received 
longitudinal  waves  considered  In  this  study  (to 
conform  to  the  available  experimental  data  which 
were  only  recorded  in  the  L-H.  mode). 

In  the  pulse-echo  mode,  each  of  tne  17  trans- 
ducers were  used  In  the  oackscatterer  mode  only. 
Therefore,  only  17  waveforms  were  processed  in 
each  experiment,  compared  to  the  48  in  tne  PMC 
mode.  The  PE  array  configuration  is  shown  In  Fig. 
4. 

Experimental  Data  Base 

The  eight  physical  defect  specimens  were 
fabricated  by  the  Rockwell  bclence  Center;  the 
construction  process  and  the  data  collection  can 
be  found  In  Reference  [5J.  The  size  and  orienta- 
tion parameters  of  the  defects  are  listed  in 
Table  2. 

Table  2.  Size  and  orientation  parameters  of  the 
eight  physically  recorded  spheroidal 
defect  specimens 


■mKOorr 

DEJECT 

SIXE 

orrsoT 

ORieNTATXCTN 

A 

(mcAoeiS) 

0 

(HICROWS) 

a 

(I'Et-KCESl 

( picw.es ) 

1 

200 

400 

0 

0 

2 

200 

4 00 

20 

22S 

2 

100 

400 

10 

140 

4 

100 

400 

0 

0 

5 

200 

400 

•0 

uo 

» 

loo 

400 

20 

ito 

7 

200 

400 

20 

110 

1 

100 

400 

2C 

22S 

WAVEFORM  PROCtSSlNG: 

DECUNVOLUTi'ON  i feature  EXllAtTIUN 

Overview 

The  general  processing  strategy  of  the  spher- 
oidal flaw  characterization  algorithm  is  diagranmed 
In  Fig.  5.  A set  of  "primary"  and  "secondary" 
features  were  computed  from  the  extensive  set  of 
"experiments"  generated  from  each  of  the  scattering 
theory  programs.  The  primary  features  were  selected 
to  measure  global  characteristics  of  tne  scattered 
spectra;  the  secondary  features  were  spatial  com- 
binations of  tne  primary  features.  Tne  secondary 
features  were  used  as  incuts  to  train  four  ALN 
models  to  estimate  tne  defect's  size  and  orienta- 
tion parameters,  respectively.  These  models  were 
evaluated  subsequently  via  a blind  test  on  physi- 
cally recorded  defect  specimens  processed  in  a 
manner  compatible  with  tne  theoretical  data,  as 
shown  In  Fig.  5. 

Primary  apectral  Features 

The  pr'mary  feature  computation  was  Identical 
for  both  PMC  and  PE  experiments.  Fig.  6 shows  the 
basic  steps  for  computing  primary  features  from 
the  ultrasonic  experimental  data.  Each  scattered 
experimental  UT  waveform  was  digitized  at  100  MHz 
and  a block  of  250  samples  was  the  time  window 
of  Interest.  The  time  domain  waveforms  (k(t)) 


NOl  !P  A\i.i  I 


\ 

!«»'HI  HOl  t»AJ  t'l  1 1 ( \ 


OUTER  RING  RECEIVERS  INNER  RING  RECEIVERS 


TRANSMITTERS  RECEIVERS 


My.  J.  M tch-i'rttih  trAnsmltt 


rr  rtiM  rf>(»*lvpr  (hk  I ( (on.i  I i\)nf  tyui-.n  ion 


OUTER  RING  RECEIVERS  INNER  RING  RECEIVERS 


TRANSMITTER  / RECEIVERS 


Fig.  4.  Pulse-echo  transmitter  and  receiver  positional  configuration 
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chart  showing  primary  feature  computation  for  both  PMC  and  PE  experimental  data 


were  padded  with  zeros  to  lu24  samples  and  trans- 
formed to  the  frequency  domain  via  the  Fast  Fourier 
Transform.  A 512-point  power  spectrum  (P(f))  was 
computed,  having  a maximum  frequency  of  50  Mmz. 

The  frequency  resolution  was  0.09766  MHz.  The  last 
412  points  in  the  spectra  were  discarded  since 
they  were  well  outside  the  1-8  MHz  transducer  band- 
width. Visual  examination  of  the  power  spectra 
showed  considerable  low  frequency  energy  in  the 
0.1-  to  0.9-MHz  band,  which  was  below  the  response 
of  the  transducer.  Uhis  artifactual  information 
was  probably  caused  by  the  recording  instrumenta- 
tion.) The  specrral  components  in  this  low  fre- 
quency band  were  set  to  zero  as  a means  of  remov- 
ing the  unwanted  low  frequency  information. 

Another  somewhat  undesirable  characteristic 
was  the  presence  ot  jagged  ripples  "riding"  on 
the  spectral  envelope.  These  could  have  been  side 
lobes  caused  by  FFT  processing  or  information 
pertaining  to  the  defect  itself.  To  de-emphasize 
their  presence,  a l5-point  synmetric  smoothing 
filter  was  convolved  with  each  spectrum  to  low-pass- 
filter  the  spectral  ripples.  This  operation  was 
performed  as  follows: 

+7 

P(f,)  - T ^ P(fi+j)  S{fj)  ; i - 1,9J  (I) 


where 


Ps(^l)  * smoothed  spectral  point, 

P (f^)  • the  1-th  unsmoothed  spectral  point, 

S (f()  • the  symmetric  smoothing  filter. 

Ihe  filter  function  Sif)  was  bpencer's 
smoothing  formula.  A list  of  the  coefficients 
and  the  transform  characteristics  can  be  found  in 
Keference  [8].  An  equivalent  effect  to  smoothing 
could  also  be  obtained  by  implementing  a multipli- 
cation window  on  the  time  domain  echo  responses 
such  as  the  Hamming  or  Kaizer-Bessel  windows. 

Deconvolutjjin 

In  order  to  desensitize  the  algorithm  to  the 
specific  effects  of  the  transducer  and  pulser/ 
receiver,  a deconvolution  process  was  employed. 

In  addition  to  being  desirable  from  the  noint  of 
view  of  creating  a more  general  algorithm,  decon- 
volution was  necessary  to  accurately  compute  the 
long  wavelength  A2  coefficient.  The  deconvolution 
operation  was  performed  by  dividing  the  power  spec 
tra  of  the  scattered  waveforms  by  the  sum  of  the 
power  spectra  of  a reference  waveform  and  a stabi- 
lizing constant,  as  represented  by  the  equation: 


, Ps(fi) 

t 12) 

where 

Polf))  • the  discrete  deconvolved  spectrum, 
Pslft)  * the  smoothed  spectrum. 

K (f))  • reference  spectrum, 

t • constant  computed  from  the  noise 

level  and  desired  bandwidth  of  the 
decohvolved  signal. 

The  reference  spectrum,  R(tj).  was  the  power 
spectrum  of  the  through-wall  pitch-catch  echo 
response  in  a Ti  sample  when  no  defect  was  present. 
The  quantity,  e,  in  12)  is  added  to  each  value  of 


R(f.)  to  Inhibit  deconvolution  Instability  at  the 
tail  ends  ot  the  transducer  bandwidth.  A suitable 
choice  for  i was  found  to  be  10  percent  of  the  peak 
value  of  the  reference  spectrum.  Additional  infor- 
mation regarding  deconvolution  can  be  found  in 
References  [9],  [10]  and  [11]. 

The  total  power  feature,  Pf,  was  computed 
by  summing  the  power  spectral  values  over  the 
approximate  range  of  l.U-8.8  MHz.  ihis  was  the 
full  usable  portion  of  the  deconvolved  spectrum. 
This  spectral  feature  has  been  established  previ- 
ously as  informative  relative  to  the  defect  size 
and  orientation  when  comparing  bORN-generated 
data  to  physical  data  [12].  Ihe  total  power 
feature  was  computed  as  follows: 


total  power:  Tp  • i:Pp,(fj)-, 

f - l.U-8.8  MHZ 


(3) 


The  first  and  second  spectral  moments  were 
included  as  primary  spectral  features  in  order 
to:  (1)  monitor  spectral  shifts  and  changes  In 
bandwidth  relative  to  different  receiver  spatial 
locations  and  different  sized  and  oriented  defects 
In  the  experimental  data  and,  (2)  compare  these 
spectral  changes  to  those  observed  in  the  theore- 
tical data.  The  formulas  for  computing  these 
features  are: 


first  moment:  Uj 


IP 


(4) 


1 .0-8.8  Mmz 


second  moment:  U2  ' 


Ti'u(^i)(fi-‘'i)'; 
f,  - 1 .0-8.8  MHz 


One  convenient  aspect  of  the  spectral  moments 
IS  that  they  are  self-normalizing  with  respect  to 
signal  amplitude,  hence  the  theoretical  ano  experi- 
mental values  can  be  compared  directly. 

Long  Wavelength  Feature  (Aj)  Computation 

Inclusion  of  the  long  wavelength  A2  coeffi- 
cient as  a primary  spectral  feature  was  motivated 
by  Richardson's  favorable  comparison  of  theoretical 
to  experimental  results  for  this  parameter  [6]. 
Considerable  analysis  ot  scattering  theory  in  the 
long  wavelength  regime  has  been  performed  by 
Rice  [13].  The  goal  ot  the  work  presented  here 
was  to  develop  an  automatic  means  for  determining 
A2,  the  coetf 1cient~oF  the  first  term  in  an  even 
power  series  expansion  of  the  scattered  magnitude 
spectrum.  In  order  to  eliminate  the  need  for 
establishing  a constant  of  proportionality  between 
the  theoretical  and  experimental  results,  each 
spectrum  was  normalized  by  dividing  each  component 
by  the  total  power  feature  before  computing  A2. 

Ihe  log-log  magnitude  spectrum  was  formed 
from  the  power  spectrum  over  the  range  of  1.0  to 
approximately  2.5  MHz.  This  corresponded  to  ka 
values  in  the  range  of  0.4-1. 2 for  defects  of  400 
uM  radius.  Now.  log  A2  can  be  found  by  computing 
the  log-power  axis  Intercept  from  the  linear 
portion  of  the  log-log  spectrum  having  a slope  of 
two.  A2  can  then  be  found  by  exponentiation. 

Ihe  slope-of-two  portion  of  the  power  curve  was 
not  known  and,  hence,  had  to  be  located  by  computing 
I2O  linear  regression  coefficients  over  the  above- 
mentioned  range  amt  then  determine  which  contiguous 
group  of  points  In  the  log- log  spectrum  came  closest 
to  having  a slope  of  two.  The  Intercept  was  then 
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formed  by  the  extrapolation  formula: 


where: 


1 h _ fj  S 

intercept:  Log  ^ r Xj  (6) 

Where.  X and  Y are  the  logarithmic  spectral  values  C 

f,  and  Pn(ft/  over  the  best  fitting  slope-of-two 

range.  A flow  chart  showing  computation  of  A^  is 

Shown  in  fig.  7.  *od 


315“ 

i: 

♦■0 

P(e,(i)  sin  ♦ 

315" 

r. 

♦*0 

P(a,8)  cos  ♦ 

Ihe  primary  features  were  computed  from  the 
theoretical  data  bases  in  the  same  manner  as  men- 
tioned above,  with  the  exception  of  the  steps 
involving  power  spectral  computation,  spectral 
smoothing,  and  deconvolution. 


Y • OifS'O.  C>0 
- » if  C < 0 

» 2x  it  S < 0.  C > 0 


Computation  of  the  primary  features  represen- 
ted a considerable  reduction  in  the  amount  of 
data  associated  with  each  experiment.  Instead  of 
storing  a scattered  waveform  at  each  receiver  loca- 
tion. only  four  representative  values  need  be 
saved. 

Secondary  Spectral  Features 


P(a.e)  • one  of  the  primary  features  at 
receiver  position  (♦.«) 

S and  C were  also  used  as  secondary  features. 

In  the  above  computation.  6 remained  fixed  at  either 
30  degrees  (inner  ring)  or  6o  degrees  (outer  ring); 
therefore,  eight  terms  were  suimied  in  computing 
either  S or  C. 


The  "secondary  features  were  statistical 
quantities  computed  mainly  from  the  circular 
receiver  arrays.  Their  purpose  was  to  quantify 
the  spatial  distribution  of  the  primary  features. 
The  number  and  type  of  features  varied  slightly 
between  the  PMC  and  PE  experiments  due  to  the 
greater  number  of  receivers  tor  PMN.  Also,  the 
total  power  of  the  BORN  PMC  data  was  norma li/ed 
around  each  receiver  ring  Instead  of  a single 
constant  for  all  total  power  in  the  experiment. 

It  had  been  noted  that  in  last  year's  effort 
[12],  the  power  distribution  in  tne  polar  direc- 
tion was  significantly  greater  from  the  BORN  pro- 
gram than  that  observed  in  the  experimental  data. 

Secondary  Spectral  Features:  Pltch-Multiple-Catch 
Sb<Je  ■ 


Four  general  types  of  PmC  secondary  features 
were  computed: 

1.  Statistical:  sample  means  and  standard 
deviations; 

2.  Circular:  circular  mean  and  circular  variance; 
J.  Ratios  of  primary  features; 

4.  Eigenvalues  of  correlation  matrix. 

The  statistical  features  were  averages  and 
standard  deviations  of  the  primary  features  around 
the  inner  and  outer  receiver  arrays.  Tne  mean 
values  for  the  total  power  primary  features  were 
not  included  since  they  were  normalized  as  mentioned 
above. 


The  circular  variance  feature  is  defined 
between  zero  and  unity  and  was  a measure  of  the 
power  dispersion  about  the  circular  mean  of  a 
given  circular  array; 

315° 

CVAR  • 1 - r P(f.o)  cos  (a-CM) 

a-u 

For  each  of  the  four  outer  ring  (e*60  degrees) 
transmitters,  a ratio  feature  R1  was  computer, 
defined  as  follows: 


rP(a  45).  30)  4 P(a-90,  30)  + P(a-I35.  30)1 

XU*)  ■ W't  atw!  Toi' r Pta^TMCiT 


A four-by-four  correlation  matrix  was  computed 
by  correlating  the  primary  features  distributions 
at  the  inner  ring  receivers  for  each  pair  of  the 
four  outer  ring  transmitters.  For  instance,  the 
correlation  coefficient,  o,  ..  for  transmitters 
( and  J can  be  computed  as  follows: 


31 5" 

r [P.ia.30)  - P (30)3  [P,ia.3t0  - P (3o)] 
a-0  


where , 


i - 1.2. 3. 4;  J • 1.2. 3. 4 


The  circular  mean  was  an  angular  feature  which 
located  tne  first  moment  of  the  scattered  power 
around  a circular  receiver  array.  This  feature 
was  thought  to  be  useful  in  determining  B,  the 
azimuthal  defect  orientation  angle.  Calculation 
uf  the  CM  was  as  follows: 

CM  • tan'*  (S/C)  ♦ V 


The  eigenvalues  of  the  p,  j matrix  were  used 
as  features.  * 

As  mentioned  above,  the  standard  deviations 
(a)  around  the  6-element  arrays  were  computed. 

For  each  of  four  outer  transmitters,  one  such  o 
was  computed.  Tne  mean  and  standard  deviation  of 
these  four  o's  were  also  used  as  features. 
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OUTPUT:  VALUK  OF  Aj 

fig.  7.  Flow  chart  to  compute  long  wavelength  coefficient 
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Secondary  Spectral  Features:  Pulse-Echo  Mode 

The  PE  total  power  at  each  receiver  was  nor- 
malized by  the  sum  of  the  total  power  of  all  l7 
receivers.  In  this  manner,  the  three-dimensional 
relative  scattered  power  distribution  was  not 
destroyed.  There  were  five  types  of  features  com- 
puted from  the  PE  primary  features; 

1.  Statistical; 

2.  Circular; 

J.  Ratios; 

4.  Eigenvalues; 

5.  B-piane  features. 

Tne  statistical  features  were  the  sample  mean 
and  variance  of  tne  primary  features  computed  from 
the  inner  and  outer  receiver  rings.  Tne  circular 
means  and  variance  were  also  computed  around  these 
rings,  in  the  same  manner  described  above.  The 
ratio  features  were  the  mean  inner  ring  primary 
features  diviaed  by  the  mean  outer  ring  primary 
features. 

The  eigenvalue  features  for  the  PE  data  were 
different  from  those  described  above  in  the  follow- 
ing way.  A spatial  covariance  matrix  was  computed, 
weighted  by  the  values  of  the  primary  features. 

For  instance,  using  the  total  power  iP.,)  as  the 
weighting  coefficient,  the  spatial  covariance  matrix 
was  computed  as: 


"17 

t p.y^ 

■ "l^l 

1 PiX^Yi 
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The  three  eigenvalues  of  this  matrix  yield 
information  about  the  spatial  distribution  of  total 
power  (P.,),  which,  in  turn,  yields  information 
about  the  defect's  orientation  and  size.  An  explan- 
ation of  the  meaning  of  these  eigenvalues  can  be 
found  in  Reference  [14]. 

Another  type  of  secondary  feature  was  computed 
from  five  receivers  in  the  g-plane.  An  estimate 
for  the  defect  azimuthal  angle  "6"  was  computed 
from  tne  circular  mean  of  the  inner  and  outer 
rings.  It  the  estimated  value  of  S --  denoted  as 
i --  fell  along  an  increment  of  45  degrees,  five 
receivers  were  found  at  3u-degree  increments  in 
that  plane,  if  b fell  at  an  arbitrary  position, 
the  values  at  these  missing  receiver  positions 
were  estimated  by  interpolation.  From  these  five 
receivers,  the  mean,  standard  deviation,  first  and 
second  moments,  and  ratio  of  tnree  inner  to  four 
outer  values  were  taken.  There  were  52  secondary 
PE  features  computed. 

RESULTS 

The  most  significant  aspect  of  this  work  was 
to  establish  that  the  theoretically  trained  ALN 
models  yielded  accurate  size  and  orientation  esti- 
mates when  evaluated  on  eight  physically  recorded 
spheroid  samples  via  a blind  test.  Tiiese  numerical 
estimates  are  presented  below.  It  was  also  inter- 
esting to  note  that  the  AlN  modeling  procedure 
recognized  different  spectral  feature  sets  for  each 


of  the  different  theories,  which  suggests  that 
even  better  performance  might  be  obtained  by  syn- 
thesizing models  on  a combined  theory  feature  set. 
This  is  recommended  for  future  work.  It  should  be 
noted  that  the  evaluation  was  "blind"  in  the  sense 
that  no  portion  of  the  physical  data  was  used 
to  influence  the  ALN  model  synthesis  procedure. 

Qualitative  comparisons  of  the  theoretical 
and  experimental  data  are  presented  below  in  the 
form  of  radiation  patterns  '.polar  plots)  of  tne 
primary  features.  Also,  a comparison  of  the 
scattered  spectra  for  the  three  theories  is  shown. 
The  BOkN  and  EQSA  shpectra  were  identical  in  their 
overall  shape  (i.e.,  smooth  and  sinusoidal  in 
nature),  while  tne  SMM-generated  spectra  oossessed 
greater  spectral  detail.  The  SkW  spectral  most 
closely  matched  the  experimental  data. 

The  numerical  estimates  for  the  physical  de- 
fect parameters  A,  B,  a,  and  B for  each  of  the 
eight  experiments  are  presented  in  Table  3.  Also 
listed  are  the  estimated  volume  (v),  computed 
from  the  ALN  outputs  for  A and  B;  and  the  "orienta- 
tion error",  computed  from  the  ALN  estimates  for 
3 and  B.  Four  methods  were  used  in  estimating  each 
parameter  as  shown.  The  average  absolute  error 
lAAE)  and  tne  percentage  average  absolute  error 
(tAAE)  were  computed  on  all  estimates  over  the 
eight  experiments  and  appear  in  the  rignt-hand 
columns^'.  The  "true"  experimental  values  for 
A,  B,  3,  6,  and  V are  shown  in  the  top  row  of 
each  group. 

Estimates  for  the  size  parameters  "A"  and  "H" 
were  comparable  for  each  of  the  four  methods. 

The  lowest  percentage  average  ab:.olute  errors  for 
these  parameters  were  20. U percent  for  "A",  yielded 
by  the  EQSA  PE  model,  and  5.9  percent  for  "B", 
yielded  by  the  BURN  PE  model.  Note,  however,  that 
the  average  absolute  errors  are  about  the  same 
for  these  two  models  (about  25  microns).  Also, 
note  that  each  of  the  tnree  theories  yielded 
approximately  tne  same  results. 

Figure  8 is  a pictorial  display  of  the  size 
estimates  presented  in  lable  3.  Here,  ellipses 
are  drawn  whose  major  and  minor  axes  are  the  model 
estimates  for  A and  B for  each  of  the  four  methods. 
The  true  estimates  are  shown  at  the  top  of  the 
figure. 

Estimates  for  tne  polar  orientation  "a"  were 
definitely  superior  in  the  PE  models  compared  to 
those  produced  by  the  BURN  PMC  model . improvements 
of  approximately  1 2 percent  were  observed  for  the 
former  methods.  The  probable  reason  for  increased 
performance  was  due  to  reliable  generation  of 
theoretical  "backscatter"  data.  The  BORN  program's 
ability  to  generate  pitch-catch  data  is  suboptimal. 
Pitch-catch  data  from  the  theories  other  than  BURN 
were  not  pursued  because  of  cost  considerations  in 
generating  the  computer  data. 

j/'TAAE  for  A and  B was  computed  by  dividing  the 
absolute  difference  between  true  and  estimated 
values  by  the  true  value,  then  averaging  over 
eight  experiments.  The  "AAE  and  j and  B was  com- 
puted by  dividing  the  AAE  for  these  values  by 
their  respective  ranges,  90  and  180. 
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Table 


. Sue  and  orientation  estimates  for  the  eight  experimental  spheroidal  defect  samples  determined 
from  the  theoretical ly-trained  ALN  models. 


experiment  number  11  ERROR 


PARAMETER 

TYPE 

METHOD 

1 

J 

2 

3 

4 

5 

6 

7 

8 

AAE 

%AAE 

MINOR 

TRUE  'A' 

200 

200 

100 

100 

200 

LOO 

200 

100 

— 

-- 

AXIS 

BO»)  pm: 

207 

250 

88 

73 

433 

106 

226 

96 

45.6 

25.9 

A 

(MICRONS) 

BOfW  PE 

198 

189 

178 

101 

191 

201 

195 

175 

35.3 

33.6 

•'OSA  PE 

209 

174 

129 

140 

194 

135 

157 

95 

25.3 

20.0 

PE 

147 

259 

175 

145 

147 

64 

50.7 

41.7 

MAJOR 

TWE  'B* 

400 

400 

400 

400 

400 

400 

400 

400 

— 

-- 

AXIS 

BOFN  pm: 

442 

412 

424 

419 

426 

421 

481 

394 

28.9 

7.2 

B 

(MICRONS) 

BOFN  PE 

474 

417 

365 

428 

385 

397 

399 

417 

23.8 

5.9 

EQSA  PE 

383 

364 

379 

361 

434 

371 

379 

389 

26.0 

6.5 

—I 

SMM  PE 

278 

342 

„ J 

285 

458 

395 

410 

354 

444 

57.3 

14.3 

POLAR 

TRUE  'o' 

0 

30 

80 

0 

80 

30 

30 

30 



ANGLE 

BO»I  PMC 

10 

13 

80 

23 

38 

31 

6 

2 

18.1 

20.1 

a 

(DEGREES) 

BOFN  PE 

14 

18 

76 

8 

63 

34 

41 

38 

9.8 

10.3 

EQSA  PE 

4 

28 

80 

11 

67 

42 

53 

36 

8.9 

9.9 

S»1  PE 

7 

14 

80 

1 

-5.9 

83 

24 

40 

29 

6.0 

6.7 

AZIMUTHAL 

TRUE  'B' 

-- 

225 

16  0 

— 

160 

180 

180 

225 



ANGLE 

BOra*  PMC 

— 

225 

166 

— 

209 

180 

180 

225 

9.2 

5.1 

B 

(DEGREES) 

BO»l  PE 

— 

207 

158 

-- 

189 

200 

199 

217 

16.0 

8.9 

BQgA  PE 

198 

160 

— 

183 

195 

192 

209 

15.5 

8.6 

SFfI  PE 

223 

169 

— 

183 

188 

188 

232 

9.5 

5 . 3 

TOJE  'V 

134 

134 

67 

67 

134 

67 

134 

67 

^ — 

VOLUMEi^ 

BO»J  PMC 

169 

179 

66 

54 

329 

79 

219 

62 

48.9 

39.4 

V 

BO»J  PE 

186 

138 

99 

77 

119 

133 

130 

127 

30.4 

38.3 

(MICRONS^ 

EQSA  PE 

128 

97 

78 

81 

153 

78 

94 

60 

18.1 

17.5 

X 10®) 

SM4  PE 

60 

72 

88 

119 

114 

102 

77 

53 

41.9 

42.6 

ORIiNEATION 

error2/ 

BOrai  PMC 

10.0 

17.0 

5.9 

23.0 

— 

57.7 

1.5 

23.9 

28.0 

20.9 

11.6 

'OE' 

BOFN  PE 

14.0 

14.0 

4.5 

8.0 

32.2 

11.4 

15.5 

8.9 

13.6 

7.5 

(DEGREES) 

EQSA  PE 

4.0 

13.1 

0.0 

11.0 

25.6 

14  3 

24.2 

10.4 

12.9 

7.2 

SEW  PE 

7.0 

16.0 

8.9 

4.9 

22.9 

7D 

11.0 

3.6 

10.2 

5.6 

-^V  = AB^4V3)  X 10'®  i/oE  = COS-^[xi  + yP  + zJ] 
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True  versus  estimated  sizes  for  eight  experimental ly  recorded  ohlate  spheroid  defects. 

four  methods  were  used  to  trains  ALN's:  1)  BORN  pitch-multiple  catch;  BORN  pulse  echo 
3)  Extended  Quasi-Static  Approximation  (EQSA)  pulse  echo;  and  4)  the  Scattering  Matrix 
Method  (SMM)  pulse  echo.  The  "true"  sizes  were  100  x 400  microns  atid  QOO  x 400  microns, 
each  at  four  orientations. 


Tht'  smallest  observed  average  absolute  error 
for  tne  orientation  estimates  were  6.0  degrees 
for  the  polar  angle  "a",  yielded  by  the  SMM  PE 
ittodel,  and  degrees  for  the  azimuthal  angle 
"b".  yielded  by  the  BORN  PMt  model.  Roth  values 
are  evcellent  error  estimates  for  the  detect 
orientation  considering  the  sparse  spatial  separa- 
tion of  the  transducers:  JO  degrees  in  the  polar 
direction  anu  45  oegrees  in  the  azimuthal  direc- 
tion. One  way  that  the  orientation  accuracy  could 
be  improved  is  by  increasing  the  number  of  array 
elements. 

Estimates  of  the  spheroid's  volume  iV)  were 
computed  from  the  individual  A and  b estimates  for 
each  of  the  four  methods  oy  tne  formula: 

V • (4v/J)A^' 

The  results  are  listed  in  Table  3.  The  EQSrt  PE 
•nodels  provided  the  best  estimates  of  volume  with 
a 17.5  percent  average  aboiute  error. 

Another  way  of  presenting  tne  orientation 
error  is  by  .iieasuring  the  absolute  angle  between 
the  true  svimietry  axis  (S)  and  the  estimated  sym- 
metry axis  ($)•  This  is  computed  from  the  defini- 
tion of  the  inner  product  of  the  two  orientation 
vectors: 

S-§  - ,S  :>;cos,  » 

If  the  magnitudes  of  S ana  5 are  arbitrarily 
set  to  unity: 

, = cos'*  (S^S^*SySyfS,S;) 

where  the  X,  Y,  and  Z components  of  S and  5 are 
comviuted  from  the  true  and  estimated  orientation 
angles,  .>  and  R.  Table  3 shows  the  smallest 
average  absolute  orientation  error  to  be  lu.2 
degrees  for  the  .'^MM  PE  models.  A way  of  viewing 
the  orientation  error  is  shown  in  Fig.  9.  Tach 
axis  represents  zero  orientation  error  for  each 
of  the  four  methods.  The  smaller  ari'ows  on  the 
outside  of  the  circle  represent  the  computed  errors 
for  each  of  the  eight  experiments.  tThe  error 
will  never  be  negative,  by  definition.)  Note  that 
each  of  the  three  theories  produced  comparable  re- 
sults in  the  PE  niode. 

A list  of  the  features  selected  by  each  of  the 
four  methods  is  given  in  Table  4.  From  left  to 
right,  the  columns  in  each  group  refer  to  the  pri- 
mary feature  type,  the  receiver  group  from  which 
the  secondary  feature  was  computed,  a description 
of  the  secondary  feature,  and  the  ALN  models  which 
selected  that  feature  as  being  important.  Note 
that  the  selected  bORN  PMl  feature  set  was  consider- 
ably larger  than  those  selected  by  the  other  methods 
This  was  due  to  the  more  extensive  candidate  fea- 
tures list  accommodating  the  larger  number  of  PMC 
receivers. 

The  ALN  model  based  on  EQSA  PE  selected  a 
total  power  feature  almost  exclusively,  whereas  the 
other  methods  utilize  more  of  the  spectral  features. 

Radiation  plots  of  the  four  primary  features 
for  a 70ti  ,.M  by  401)  uM  oblate  spheroid  detect  with 
orientation  .i  ■ RO  degrees  and  R • 160  degrees  are 
shown  in  Fig.  10.  In  each  plot,  the  magnitude  of 
the  primary  feature  at  each  inner  ring  receiver 


was  plotted  as  a function  of  the  azimuthal  receiver 
angle  t-  Both  theoretical  and  experimental  data 
are  superimposed  on  each  plot.  Notice  the  similar- 
ity Between  all  three  theories  and  experiments 
for  the  total  power  feature.  Also,  it  can  be  seen 
how  dissimilar  the  A?  coefficients  are  when  com- 
paring tneory  and  experiment.  As  mentioned  pre- 
viously, one  reason  for  this  is  that  the  Pi  experi- 
mental data  were  recorded  with  the  pulser  set  to 
provide  the  broadest  band  response.  This  yielded 
very  few  data  points  in  the  ka  * 0.5  region;  hence, 
the  values  of  A2  for  the  experimental  data  were 
greatly  distorted,  (But,  as  discussed  above,  the 
A^  parameter'  was  found  to  be  vei'y  informative 
witn  respect  to  the  theoretical  data.  Therefore, 
one  of  the  recommendations  is  to  rerecord  data 
with  better  low  freguencv  content.) 

CUMPARI50N  OF  THEORETICAL 


A comparison  of  the  theoretical  (SMM)  and 
experimental  power  spectra  is  shown  in  Fig.  11. 
ihe  data  used  in  generating  these  plots  were  the 
pulse-echo  data  described  in  Section  3 of  this 
report.  Each  plot  was  nomialized  by  its  peak 
value;  hence,  the  largest  value  in  each  plot  is 
unity.  The  left-hand  plots  --  Fig.  II  (a,b.  and 
c)  --  are  from  the  100  uM  by  40C  uM  defect  at  polar 
orientations  of  30,  60,  and  90  degrees,  respective- 
ly. Ihe  right-hand  plots  --  Fig.  11  ic.d,  and  e)  - 
are  from  the  300  uM  by  400  yM  defect  at  the  same 
three  orientations.  Note  that  Fig.  11  la  and  b) 
have  favorable  comparisons  over  the  entire  fre- 
quency range  of  1.0  to  8. a MHz.  Fig.  II  (d)  com- 
pares quite  well  up  to  ..0  MHz.  The  remaining 
figures  are  slightly  stretched  in  the  mid-frequency 
range,  hut  the  general  shapes  of  the  theoretical 
and  experimental  curves  are  the  same.  Also,  note 
that  all  six  plots  compare  favorably  in  the  long 
wavelength  (low  frequency)  regime. 

Onfortunately , there  was  much  variation  in 
the  experimental  data.  Low  signal-to-noise  latio 
caused  the  defect's  impulse  response  to  be  un- 
recognizable in  about  30  precent  of  the  experimen- 
tal data. 

The  major  reasons  for  differences  between 
the  theoretical  and  experimental  data  are:  il) 
limited  transducer  bandwidth  at  the  low  and  high 
frequencies;  (?)  error  in  experimental  measure- 
ments; and  (3)  possible  divergence  in  the  theory 
at  high  frequencies. 

The  plots  in  Fig.  11  show  that  marginal 
information  relative  to  the  shorter  defect  size 
parameter  "A"  is  contributed  by  the  spectral 
moment  primary  features.  Note  that  there  is  very 
little  shift  in  the  major  peaks  betwi’en  the  100  uM 
by  400  uM  plots  and  the  300  viM,  by  400  uM  plots. 
However,  it  does  appear  that  plots  having  the 
larger  "A"  dimension  also  have  a greater  "ripple" 
in  their  spectra.  This  ripple  could  be  quantified 
by  performing  a cepstrum  transformation  on  the 
defect's  time  domain  impulse  response.  Another 
method  of  quantifying  this  ripple  is  by  application 
of  J.  Rose's  sine  transfomiiat ion  inversion  tech- 
nique fTJ.  Both  approaches  will  be  investigated  in 
next  year's  work. 

The  variance  in  the  experimental  data  is 
demonstrated  in  Fig.  12.  The  outer  ring  (e«b0*') 
time  domain  defect  impulse  responses  for  experiment 
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MKTllOD  1 


PMC:  PITCH -MULTIPLE-CATCH 

PE;  PULSE-ECHO 


BORN  PMC 


(or  lent  at  ion 
each  of  the  8 
mental  sample 
ALN  models) 


METHOD  4 
SMM  PE 


ERROR  >' 
(DEGREES) 


ERROR  ’l);' 
(DEGREES) 


ERROR  '4)' 
(DEGREES) 


ERROR  >' 
(DEGREES) 


METHOD  3 
EQSA  PE 


METHOD  2 
BORN  PE 


Scatter  plot  Illustrating  the  error  between  the  true  and  estimated  defect  orientation 
(Perfect  estimation  would  result  in  no  scatter  about  the  0°  point.) 


Table  4.  Important  features  selected  by  the  ALN  models  to  estimate 


X • wavelength)  and  the  detect  radius.  It  ' 
ka  ' 1 , the  wavelength  is  larger  than  the  defect 
radius. 


of 


\\  • 

\V. 


OR 

OS 

MM 


KXi'RRIMf.NTAL 


H = 90 


X 

N X 


^ > 

N • 

^ ^ 


0 = 0 


a)  TOTAL  POWER  (p^) 


b)  FIRST  MOMENT 


DEFECT  SIZE:  100  X 400  nM  OBLATE  SPHEROID 
DEFECT  ORIENTATION:  a = 30^;  8 = 180° 

TRANSDUCERS:  8 IN  INNER  RINC  (8=30),  PULSE-ECHO  MODE 

FREOUENCY  RANOE : 1.0-8. 8 MHz. 


C)  SECOND  MOMENT  (R^) 


d)  LONC.  WAVELENOTH 
coefficient  (Aj) 


nq.  10  Polar  plots  of  thp  four  prmiry  spectra!  features  versus  azinwtha!  transducer  position  for  a 
spheroidal  void  In  titanium,  comparing  experimental  data  to  theore* leal  1 v-qenerated  data 
(BORN.  EQSA,  SMM) 


1 of  Ijble  2 die  ihown.  This  PC  experiment 
Kjs  d ?00  uM  by  400  uM  deti‘i.t  havimj  in  ortenti- 
tion  At  a • O'"  jnd  p ■ 0“.  All  outer  ring  trans- 
ilui  ers  therefore  have  the  same  polar  orientation 
with  respei t to  the  defect's  symmetry  axis.  Hence, 
all  waveforms  should  be  identical.  Note,  however, 
that  differences  In  peak  amc)litude  var^  uH..to  A.; 
decibels,  iflso,  the  waveforms  taken  .it  ♦ ■ iJT  45. 
and  go  liegrees  appear  to  hive  quite  different 
shapes  than  those  at  ♦ ■ 2?S,  270,  and  JIS  legrees 
Variations  of  this  kind  undoubtedly  contriDuted 
to  the  error  in  the  Al  h sue  and  orientation  eval- 
uations. This  source  of  variation  in  the  experi- 
mental data  tan  be  termed  an  "Irreducible  error" 
source  because  it  provides  a lower  bound  to  the 
modeling  error.  This  lower  bound  Is  not  known  at 
present  but,  as  seen  in  Fig.  1?,  it  is  certainly 
non- zero . 

DISCUSSION 

The  correlation  coefficients  (r^  j)  were 
computed  between  the  secondary  features  involving 
A^,  and  the  defect  ueiwietry  parameters  A,  B,  .i, 
and  ti  as  a means  of  measuring  the  defect  geometry 
information  content  of  A^.  The  .'j  j's  were  com- 
puted on  the  EQSA  data  over  the  jAd"' theoretical 
experiments,  as: 


variables  (with  the  exception  of  element  "f"  which 
has  only  foui  terms).  The  input  features  at  the 
left  of  Fig.  15  are  the  "secondary"  spatial  features 
computed  from  the  scattered  ultrasonic  waveiorms 
The  outputs  of  the  leftmost  elements  provide  in- 
puts to  subsequent  elements.  The  rightmost  element 
output  renders  an  estimate  for  ,i.  Nesting,  or 
"layering",  of  polynomials  as  shown  allows  for 
many  hundreds  of  nonlinear  terms  to  be  represented 
in  a compact  form.  The  AIN  model  structure,  as 
well  as  the  weighting  coefficients,  are  developed 
from  the  empirical  training  data. 
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versus  ratio  of  average  l'2  coefficient  from  inner  ring  ) . 
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Fig.  15.  Adaptive  Learning  Network  (ALN)  structure  for  estimating  the  defect  polar  angle  (a).  The 
ALN's  were  syothesired  using  RORN-generated  pulse-echo  data. 
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DISCUSSION 


Don  Thompson  (Science  Center):  Was  there  anything  evident  in  the  treatment,  Mike,  that  would  indicate 
a systematic  preference  for  the  pulse-echo  rather  than  pitch-catch  technique? 

M.  F.  Whalen  (Adaptronics);  The  tracking  of  the  polar  angle  seemed  to  be  much  better  for  the  pulse-echo 
than  it  did  for  the  pitch-catch.  The  thing  that  I can  think  of  offhand  is  that  the  Born  approxima- 
tion is  most  accurate  in  the  back  scattered  direction. 


Walter  Kohn  (Materials  Research  Council): 
Sion  that  you  use  in  your  scheme? 


Could  you  explain  the  rationale  behind  the  polynomial  expres 


M.  F.  Whalen:  It  is  basically  an  empirical  modeling  process  in  which  we  take  all  pair-wise  combinations 
of  the  candidate  features  and  obtain  a best  fit  to  the  dependent  variable  that  we  are  trying  to 
model.  In  the  process  only  the  best  candidates  will  survive.  We  do  this  first  by  considering  all 
the  possible  candidates;  the  ones  that  have  survived  the  first  layer  will  be  used  as  candidates 
to  go  into  the  second  layer:  this  is  extended  out  to  as  many  layers  as  are  needed  until  we  get  a 
sufficient  fit.  But  there  are  certain  means  taken  to  avoid  overfitting. 


Anthony  N.  Mucciardi  (Adaptronics):  I could  further  answer  the  question.  It  is  a multi  dimensional 
I phase  shift,  if  you  think  about  it  that  way.  Consequently,  any  function  could  be  represented  as  a 

power  curve.  Consequently,  whatever  underlying  unknown  transfer  function  there  may  be  between 
defect  size  and  parameters  of  the  wave  form,  can  be  adaptively  learned.  The  idea  is  to  attempt  to 
find  if  the  underlying  function  can  be  represented  by  a polynomial.  You  have  the  ability  to  synthe- 
size. The  reason  for  the  choice  of  the  two  term  element  has  to  do  with  computational  efficiency. 

Bernard  Budiansky  (Harvard  University):  In  view  of  that  explanation,  why  learn  on  theoretical  models 
rather  than  the  actual  experimental  data?  Why  insert  a Born  approximation  into  it? 

Anthony  N.  Mucciardi:  It  is  cheaper.  If  you  have  to  learn  on  physical  data,  which  is  what  we  normally 
do,  you  spend  many  tens  of  thousands  of  dollars  developing  samples,  even  then  you  can't  simulate  all 
geometries  and  peculiarities.  If  you  have  a model  that  can,  at  least  roughly,  mimic  a very  expensive 
set  of  samples,  you  can  generate  your  sample  set  in  the  computer.  To  me,  the  value  of  the  thing  is 
truly  powerful  because  in  principle,  you  may  be  able  to  simulate  very  strange  geometries  and  put 
defects  into  very  peculiar  places  by  computer  to  generate  a theoretical  set  of  data.  With  any  kind 
of  luck,  you  will  obtain  a pretty  good  approximatioti  of  something  which  may  be  terribly  expensive 
or  impossible  to  build. 

Paul  Holler  (Saarbrucken  University):  I would  agree  that  having  a forward  series  which  fits  is  a very 
good  basis  for  applying  this  empirical  method  to  make  the  Inversion,  but  I have  two  questions.  Did 
you  apply  the  minimization  of  the  mean  square  or  did  you  also  apply  a stockaster  variation  of  the 
coefficients  you  get?  The  second  question  is,  could  you  say  in  physical  terms  which  variables  sur- 
vived in  the  particular  cases?  It  is  striking  that  with  beta  you  only  have  two  variables  survived, 
in  other  cases  up  to  twelve  were  required. 

M.  F.  Whalen:  Each  of  the  elements  represents  a least  squares  fit.  The  reason  that  we  had  only  two 
variables  that  remained  in  the  case  of  the  beta  term  was  simply  that  that  was  all  that  was  needed 
to  best  solve  that  problem.  The  beta  term  was  the  easiest  variable.  We  had  two  variables  that  did 
the  best  job  and  the  process  figured  out  that  was  all  that  was  needed.  The  solutions  for  the  size 
parameters  were  dependent  on  much  more  information.  If  you  remember,  the  direction  of  beta  can  be 
best  found  by  looking  simply  at  the  direction  where  the  maximum  power  is  directed.  Nothing  else 
is  needed. 


3fa7 


I 


A 'L.'HNIQUt  fOR  OETEKMINING  Fl.AW  CHARACIf  RIST  !CS 
KiW  ULTRASONIC  SCATTLRINC,  AMFLITUDfS 

J H.  Rose*  ,<nil  J.  A.  ^.rumhansl  ' 
aboratory  of  Atomic  ano  Solid  State  Physics 
and 

'he  Material  g Center 

r.'rne’l  'niyrsitv 
Ithaca,  New  vori.  ;<5'',3 

ABSTRACT 

*'  ocs'rt  an  appro--  ate  techm  . e for  oetemnnino  the  characteristics  ot  flaws  in  elast'c  media  from 
• snow  rji-,.  t their  ultrasonic  scatterinq  amplitudes.  he  technique  is  riqorous’v  va  ’d  'n  the  weak 
'■'q  ' .nit  Oood  ’’esults  have  been  obtained  for  stronqly  scatterinq  flaws.  ’ .articular,  we 

the  techn-que  *or  a -i  oblate  spheroidal  v.'id  In  Ti.  and  for  various  strongly  cattennq  spnerica' 
Je'e-  for  t’ese  'es*s  the  technique  lelds  ■ .vo  results  for  the  voluw  of  the  'laws.  n tne  ase  of 
the  oblate  spheroid,  satisfactory  results  were  cotaineo  for  the  calcu'ated  ratio  of  na.ior  to  minor  avis, 
indicating  that  the  technque  sensitive  to  the  shape  cf  the  flaw. 


INIRIXIUCTION 


.fe  present  an  inversion  aloonthm  for  deter- 
mining the  s;;e.  shape  and  or'entation  of  f'aws  i-i 
elastic  media  from  ultrasonic  scatterinq  amplitudes, 
'he  aIqor’'‘'rn  is  based  on  the  extenoed  quasi -s  ,.'.t  ic 
appt\i\iTii.itien  of  J.E.  iTuberna  1 1 S ' . and  is  rigorv’usly 
valid  in  the  weax  scattering  limit.  Vie  have  tested 
the  algorithm  for  some  strcingly  scatteriiq  flaws, 
and  obtained  good  results  as  we  report  help,, 

The  extended  quasi -static  approximation  leads 
to  two  pieces  of  independent  information  which  .-an 
be  used  to  determine  the  characteristics  of  the 
flaw.  The  first  piece  of  information  is  the  depen- 
dence of  the  long  wavelength  scattering  amplitude 
on  the  orientation  of  the  flaw.  The  second  piece 
of  infoimiation  is  the  spectral  distribution  of  the 
reflected  ultrasound  as  a function  of  orientation. 

In  this  paper  we  have  concentrated  on  what  we  can 
learn  from  the  spectral  distribution  of  the  ultra- 
sound and  we  have  "divided  out"  the  long  wavelength 
information.  However,  the  twii  kinds  of  information 
are  complementary,  and  using  both  of  them  together 
one  may  be  able  to  learn  something  about  the 
material  composition  of  the  flaw,  as  well  as  its 
site,  shape  and  orientation.  This  possibility  is 
discussed  in  the  final  section,  and  a technique  is 
proposed  which  may  make  it  possible  to  determine 
the  tiensity  of  the  material  in  the  flaw. 

A major  thrust  of  the  current  Non -Pest rue t i ye 
Testing  program  is  to  use  adaptiye  learning  tech- 
niques to  determine  flaw  character! st ics  in  an 
empirical  way."'  Approximate  inyersion  techniques 
such  as  that  proposed  in  this  paper  could  be  used 
to  preprocess  the  scattering  amplitudes  before  its 
introduction  to  the  adaptiye  learning  network. 

Since  the  inversion  algor ithm  wi 1 1 produce  functions 
which  Inpk  at  least  roughly  like  the  actual  flaw, 
such  preprocessing  may  greatly  enhance  the  adaptive 
learring  approach. 

The  structure  of  this  paper  is  as  follows.  We 
start  with  this  introduction;  then  provide  a general 
description  of  the  theory.  The  third  section  is  a 
discussion  of  a simplified  form  of  theory  which  is 
available  for  all  ell ipsoidal ly  shaped  flaws.  The 
fourth  section  contains  empirical  tests  of  the 
inversion  algorithm  for  strongly  scattering  flaws. 

In  particular,  we  have  tested  the  procedure  both  for 
a 2-1  oblate  spheroidal  defect  in  Ti  and  for  spheri- 
cal cavities  and  inclusions  in  various  materials. 


Our  tests  up  to  the  present  date  indicate  that  t^e 
volume  of  the  flaw  is  given  rather  accurately  by 
our  lechnigue.  we  conclude  the  paror  by  giving  a 
general  discussion  .'t  the  technique  and  .nqicate 
Sl’nie  of  the  work  we  intend  to  pursue  in  the  future 

tleneial^  Thwry 

■’’he  theory  presenteo  in  this  section  is  designed 
to  provide  intorm.ition  on  flaw  characterist  ics  in 
the  Scattering  regime.  In  this  case  the  wavelength 
of  the  ultrasound  is  approximately  equal  to  or 
longer  than  the  site  of  the  ob.iect . This  regime  is 
quite  important  for  NOT  appl  ic-itions  where  the  site 
of  the  critical  flaws  hbv  be  quite  small  and  as  a 
result  i'vaging  techniques  may  be  unavailable.  The 
algorithm  which  we  will  protiose  is  a procedure  for 
approx tniately  determining  the  Fourier  transform  of 
the  characteristic  function.  \(|T),  of  the^flaw. 

I^re  '(r)  ' 1,  r insivle  the  flaw,  and  v(rl  » 0 for 
r outside  the  fl.iw.  The  procedure  to  be  described 
is  rigorously  valid  in  the  weak  scattering  limit, 
where  the  material  parameters  of  the  flaw  are  only 
slightly  different  from  those  of  the  host  material. 

A pulse  echo  type  experiment  is  assumed  as 
shown  in  Fig.  1.  Hero  a longitudinally  pvilarited 
plane  wave  is  incident  on  the  flaw,  and  the  directly 
backscattered  longitudinal  scattering  ampl itudes 
are  vietermined.  The  longitudinal  to  longitudinal 
pulse  echo  scattering  amplitudes  can  be  written  for 
an  arbitrarily  shaped  flaw  as 


* . . ? U.l) 

. j^(k)  . a(k.tul)  S(?k)  k*^ 

Here  S(2k)  (called  the  shape  factor)  is  the  Fourier 
transform  of  the  characteristic  function  of  the  flaw. 
The  wav^vector  of  the  incident  wave  is  denoted  by  li 
and  a(V.,lut)  is  a function  to  be  calculated  to 
yield  the  correct  scattering  amtilitudes  A^  ..  for 
an  arbitrary  C.  Here  tul  denotes  the  material 
parameters  of  the  flaw  and  the  host  material. 
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Pulse  - echo  measurement 

The  geometry  of  a typical  L>L,  pulse-echo 
experiment.  The  matrix  material  has  one 
set  of  material  parameters,  oi,  u, , x,  ; 
while  the  flaw  is  considered  to  cinsist  of 
a second  homogeneous  material  with  para- 
meters P2.  U2*  ^2  * 


size,  shape  and  orieiitat  ion.  The  major  approxi- 
mation in  using  .a,,^  is  that  we  assume  that  it 
depends  only  on  ii  and  not  on  |1E|.  The  character- 
istic function  is  given  explicitly  in  terms  of  the 
shape  function  as 

y(r).co,.-.t./d\*e’’^'-A^^/(  2 


SimplJ^fied  Theory  for  |ll_ipso_idal ly  Shaped  Flaws 

In  the  last  section  wt  described  an  approximate 
procedure  for  deter-mining  the  s ire, shat>e,and  orien- 
tation of  an  arbitrary  three  dimensional  flaw.  In 
order  to  use  this  inversion  technique,  one  requires 
pulse-echo  measurements  from  all  incident  directions 
k . The  characteristic  function  is  then  obtained 
(Eqn.  2.4)  as  an  inverse  Fourier^transform  which 
involves  integrating  over  both  Ik)  and  k . For  the 
class  of  el  1 ipsoidal  ly  shaped  flaws,  one  can  obtain 
all  relevant  information  about  the  flaw  by  inverting 
each  pulse-echo  record  independently  as  discussed 
below.  This  avoids  the  angular  integration  over  k 
in  the  inverse  Fourier  transform,  and  significantly 
simplifies  the  application  of  the  algorithm. 

In  order  to  Illustrate  how  this  simplification 
comes  about,  let  us  consider  the  weak  scattering 
limit.  Then  the  theory  of  the  last  section  is 
rigorously  valid  and  Eqn.  2.2  becomes 


The  virtue  of  writing  the  scattering  amplitudes 
in  the  form  of  Eqn.  2.1  is  that  several  approximate 
theories  yield  very  simple  forms  for  the  factor 
alt.lul).  In  particular,  we  will  use  the  form  of 
a(t,<u))  which  can  be  derived  from  the  extended 
quasi -static  approximation.  In  that  approximation 
one  takes  account  of  the  long  wavelength  elastic 
deformation  of  the  flaw  correctly, and  hence  obtains 
the  angular  features  of  the  scattering  correctly 
in  this  limit.  For  the  extended  quasi-static 
approximation  a(t.<ul)  is  independent  of  jlTI  and 
depends  only  on  k and  (u)  We  denote  this  approx- 
imate form  of  a{t,(ul  ) as  agj^Ck.Iul  ).  Using 
this  approximation  we  rewrite  Eqn.  2.1  as 


S(2it)  « const.  / k^  (3.1 ) 

We  have  used  the  fact  that  a(k,(iil)  is  a constant 
in  the  weak  scattering  limit  as  a function  of  k . 
For  an  ellipsoid  we  know  that  S(2k)  is  given  by 
the  following  equations 

S(2ii)  » sin(2  k r^)-  2 k rg  cos(2  k r^)  (3.2) 

(2  k rg)3 


S(2{)  » / (k2  agsAlk.tu)  ))  . 


•(a  ^ cos^a  sin^*  ♦ a ^ cos^e  cos^»  +a-^  sin^a)' 


Experimentally,  af,^  can  be  obtained  for  an 
arbitrarily  shaped  object^by  raeasuremei.es  of  the 
long  wavelength  scattering  amplitudes.  In  that 
limit  S(2t)  goes  to  a constant,  agj^  can  be 
determined  from  the  angularly  dependent  coefficients 
of  A 


*0SA(k.  (ul)  • lim  Aj^^,(t)  /k^ 
k “O 


Once  a^^  is  obtained,  we  can  determine  S(2k) 
from  Eqn.  2.2  via  an  experimental  measurement  of 
the  backscattered  amplitudes.  Taking  the  Fourier 
transform  of  S(2()  then  allows  us  to  determine  the 
characteristic  function  of  the  flaw,  and  hence  its 


Here  the  axes  of  the  ellipsoid  are  a*(a„,ay ,a^), 
and  9 and  a define  the  direction  of  ^ Tn 
spherical  coordinates.  The  angular  dependence  of 
the  shape  factor  comes  in  strictly  through  the 
function  which  we  have  called  rp(6,a).  In  a pulse- 
echo  measurement,  the  incident  diction  K is 
kept  fixed, and  rg  is  a constant  for  that  set  of 
data.  We  note  for  a fixed  incident  direction,  Eqn. 
3.2  has  the  same  form  as  a Fourier  transform  of  a 
sphere  with  an  effective  radius  rg.  For  each 
incident  direction  k,  we  obtain  rg  in  the  following 
way.  First  we  obtain  S(2|t|)  from  Eqn.  3.1.  Then 
we  extend  S(2lk|l  to  be  spherically  symmetric  in 
f-space.  Thus  we  obtain  the  three-dimensional 
Fourier  transform  of  a sphere  of  radius  rp(9,e). 
This  Fourier  transform  is  then  inverted  to  yield 


r 


the  effective  radius  for  that  direction.  The 
resulting,  calculated,  effective  radius  will  vary 
according  to  Egn.  3.3.  An  important  consequence  of 
Eqn.  3.3  is  that  pulse-echo  measurements  along  the 
axis  of  an  ellipsoid  yield  the  axis  length  directly. 
For  example,  a measurement  along  the  a^  axis  yields 
an  effective  radius  equal  to  ax.  Hence  one  can 
obtain  the  length  of  the  ellipsoid  axes  directly 
from  three  mnasurenents  if  one  knows  the  orienta- 
tion of  the  ell ipsoid. 

So  far  we  have  been  discussing  the  weak 
scattering  limit  for  the  sake  of  illustration.  The 
appropriate  extension  to  the  strong  scattering  case 
is  straightforward.  Eqn.  2.2  is 

S(2k)  »=  const.  (k')/(k2  ajj^(k,(ul))  (3.4) 

For  a given  incident  direction  a{k,(M)^  is  just 
a constant  since  it  doesn’t  depend  on  |k|  in  the 
quasi-static  approximation.  With  this  approximation 
we  recover  Eqn.  3.1  and  can  proceed  in  an  approxi- 
mate way  with  the  entire  procedure  which  was  given 
above.  Of  course,  for  a strongly  scattering  flaw, 
our  analysis  is  only  approxirate  and  must  be  checked 
empirically.  In  the  next  section  we  provide  some 
enpirical  tests  of  the  strong  scattering  limits. 


Sesul ts:  Test  of  Inversion  Procedure 


I Here  we  report  our  tests  of  the  proposed 

t inversion  algorithm.  These  results  are  given  in 

I two  parts.  First  we  report  tests  for  spherical 

) voids.  Then  we  report  preliminary  results  for  the 

> case  of  a 2-1  oblate  spheroidal  cavity  in  T1.  The 

I most  direct  test  of  our  inversion  procedure  is 

I shown  in  Fig.  2.  Here  we  show  the  results  of 

i inverting  experimentally  obtained  ultrasonic  scat- 

I tering  amplitudes  for  a spherical  void  in  Ti.^  For 

this  case  the  band  width  of  the  data  was  .5<kR  <4, 

! where  we  use  R to  denote  the  radius  of  the  sphere. 

' As  can  be  seen, the  Inversion  algorithm  does  a good 

' job  of  determining  the  flaw  radius  (even  in  this 

I experimentally  realistic  case  with  a rather  restric- 

I ted  bandwidth^ 


Fig.  2 Calculated  characteristic  function  for  a 
400u  void.  This  result  was  obtained  by  in- 
verting experimental  ultrasonic  scattering 
anplitudes  with  a baniiwidth  of  .5'kR<4, 
with  R the  radius  of  the  sphere. 


In  order  to  further  test  our  inversion  proce- 
dure, we  consideied  the  case  of  spherical  voids  in 
stainless  steel  and  Ti,  and  the  case  of  an  aluminum 
inclusion  in  Ti."  For  these  cases  we  can  obtain  the 
exact  theoretical  scattering  amplitudes  from  the 
calculations  of  Ting  and  Truell.'  Using  these 
results  for  A(^.,  (it),  we  determined  S(2I()  from 
Eqn.  2.2  for  a bandwidth,  0 < kR  < 10.  The  result 
for  the  case  of  a spherical  void  in  Ti  is  shown  in 
Fig.  3.  Quite  good  definition  of  the  radius  and 
hence  the  voltiiie  is  obtained.  These  results  are 
characteristic  of  the  results  for  the  other  cases 
mentioned  above.  Finally,  in  order  to  test  the 
stability  of  the  routine  to  noise,  we  introduced 
random  Gaussian  noise  into  the  scattering  amplitudes. 
The  Inversion  procedure  proved  to  be  quite  insen- 
sitive to  random  noise.  In  Fig.  4 we  show  the 
result  for  the  Ti  spherical  cavity  when  the  signal 
contains  SOT  Gaussian  random  noise.  Note  that  the 
inclusion  of  noise  did  not  appreciably  effect  the 
di'teiminat ion  of  the  flaw  radius. 
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Fig.  3 Calculated  characteristic  function  for  a 

spherical  void  of  radius  a^  in  Titanium.  The 
result  was  obtained  by  inverting  theoietical 
scattering  amplitudes.  The  bandwidth  used 
above  was  O'  k a,,  < 10. 


Fig.  4 The  relatively  weak  effects  of  noise  on  the 
inversio:,  procedure  is  illustrated.  Here  we  show 
the  same  calculation  as  in  Fig.  3 for  a void  in 
Ti  but  have  included  a random  component  in  the 
signal  (the  random  component  is  on  the  average  SOT 
of  the  exact  signal).  Note  that  the  determination 
of  the  radius  of  the  sphere  is  hardiv  effected  hv 
the  inclusion  of  this  extiemelv  large  random  error 
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We,  also,  report  preliminary  results  for 
inverting  tl’e  scattering  amplitudes  from  a 2-1 
oblate  spheroid  using  the  sinplified  theory  of  sec- 
tion II.  Here  the  scattering  amplitudes  used  in  the 
Inversion  procedure  were  theoretical  results  provi- 
ded by  W.  Visscher  who  used  a series  expansion  tech- 
nique capable  of  providing  numerically  exact 
results.®  Our  preliminary  analysis  consisted  of 
considering  only  two  different  pulse-echo  measure- 
ments. The  first  calculation  was  for  a beam  inci- 
dent along  the  symmetry  axis  (e  » 0°).  The  second 
calculation  was  for  a beam  incident  in  the  plane  of 
the  spheroid  (0  • 90°). 


determine  the  material  composition  of  the  flaw.  An 
example  of  one  way  the  two  techniques  may  be  used 
together  to  determine  the  density  of  the  material 
in  the  flaw  region  is  discussed  below. 

q 

Kohn  and  Rice  have  shown  that  the  long  wave- 
length scattering  amplitudes  can  be  used  to  deter- 
mine the  mass  defect,  .^M,  of  the  flaw.  is  the 
difference  in  mass  of  the  flaw  and  the  mass  it 
would  have  if  there  were  host  material  in  the  flaw 
region.  Together  with  an  accurate  knowledge  of 
the  flaw  volume,  V,  one  may  infer  the  density  of 
the  flaw  material 


The  results  obtained  for  the  length  of  the 
axes  are: 


calculated  exact 


am 

‘’flaw  * ‘’host  * y 


(5.1) 


major  axis  850  800 

minor  axis  360  400 


The  calculated  ratio  of  axes  was  .42  while  the  exact 
result  is  .50.  Finally,  we  note  that  the  computed 
volume  is  equal  to  the  exact  volume  of  the  spheroid 
within  our  calculational  accuracy 


Oiscu s s J 0 n and  Concl usions 

We  have  proposed  a method  for  determining  the 
size,  shape  and  orientation  of  flaws  in  elastic 
media.  This  inversion  procedure  is  rigorous  in  the 
weak  scattering  limit.  For  strongly  scattering 
flaws  the  validity  of  the  inversion  procedure  was 
uncertain.  Hence,  we  performed  enpirical  tests  for 
strongly  scattering  flaws.  We  have  concentrated  on 
voids  since  they  are  strong  scatterers  and  are 
important  in  various  fracture  processes.  For  spher- 
ical voids  in  Ti,  we  obtained  strikingly  good 
results  in  determining  the  flaw  radius  and  volume. 
For  these  tests  we  used  both  experimentally  measured 
and  theoretically  generated  scattering  amplitudes 
in  different  examples.  We  have  also  reported  pre- 
liminary results  for  a 2-1  oblate  spheroidal  void 
in  Ti.  Here  our  preliminary  calculations  indicated 
excellent  agreement  for  the  flaw  volime,  and  satis- 
factory agrsement  for  the  relative  length  of  the 
axes.  We  have  not  yet  been  able  to  test  the  proce- 
dure for  its  sensitivity  to  the  orientation  of  the 
flaw.  If  future  tests  over  a wider  range  of  flaw 
shapes  continue  to  give  good  determinations  of  the 
flaw  volume,  this  will  have  important  consequences 
for  determining  the  naterial  parameters  of  the  flaw 
as  will  be  discussed  below.  Currently,  work  is  in 
progress  with  several  groups  to  obtain  experimen- 
tally and  theoretically  generated  scattering  ampli- 
tudes for  a wide  range  of  axially  symmetric  flaws: 
prolate  and  oblate  spheroids  and  pill  boxes  (both 
voids  and  inclusions  will  be  considered).'  "hese 
efforts  should  result  in  an  extensive  empirical  test 
of  the  inversion  algorithm  and  give  a good  idea  of 
its  range  of  validity. 

We  have  concentrated  in  this  paper  on  determin- 
ing the  characteristic  function  of  a flaw  from  a 
determination  of  the  shape  factor.  As  discussed  in 
another  talk  in  these  proceedings,  there  is  addi- 
tional Information  about  the  shape  of  the  flaw  in 
the  long  wavelength  factor  agca{fc ,iul ) . ° Together 
with  the  inversion  algorithm  which  we  have  protwsed 
in  this  paper,  it  a,>pears  likely  that  not  only  the 
size,  shape,  and  orientation  of  simple  volume  flaws 
may  be  obtained,  but  also  we  may  be  able  to 


If  sufficient  accuracy  can  be  obtained  in  the 
inversion  algorithm  which  determines  V and  in  the 
determination  of  .aM.  then  one  should  be  able  to 
infer  the  material  composition  of  the  flaw.  It 
should  be  stressed  that  such  a determination  depends 
on  an  absolute  measurement  of  the  scattered  power. 

In  conclusion,  we  note  that  the  general 
formalism  (Eqn.  2.1  to  2.4)  applies  in  principle  to 
not  only  volume  type  flaws  but  also  to  crack  like 
defects.'®  Again,  the  correspondence  should  he 
exact  for  weakly  scattering  flaws.  We  have  not  had 
the  necessary  data  to  test  the  algorithm  yet  for 
the  strongly  scattering  case.  However,  this  work 
is  in  progress,  and  we  hope  to  provide  an  empirical 
determination  of  this  technique  for  the  case  of 
cracks  in  the  near  future. 
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DISCUSSION 

Norman  Bleistein  (Denver  Applied  Analytics):  Are  your  data  far  field  data? 

Jim  Rose  (Cornell):  1 don't  really  know  the  answer  to  that  qaestion.  Certainly  the  theoretical  data 
are  far  field.  I don't  really  know  about  the  experimental  data. 

Norman  Bleistein:  That  is  very  important  though,  because  if  you  are  in  a far  field  regime,  there  is 
another  justification  for  ending  up  with  your  Fourier  Transfoni\  results. 

Jim  Rose-  I have  not  worked  in  the  high  frequency  regime  in  establishing  a justification  for  this 
procedure.  What  I have  done  is  to  justify  the  low  frequency  regime  and  to  extend  it  to  higher 
frequencies. 

Gordon  kino  (Stanford  University):  Is  the  high  frequency  regime  any  different  from  just  using  straight 
pulse-echo  and  getting  the  reflection  which  should  be  proportional  to  the  radius  of  curvature? 

Jim  Rose:  Of  course,  if  you  are  in  the  very  high  frequency  regime,  you  are  absolutely  correct.  If  you 
come  down,  as  Achenbach  has  indicated,  it  is  probably  not  too  bad  a procedure  if  you  put  in  these 
corrections  to  get  down  to  KA  • 1.  The  kind  of  flaws  1 am  interested  in  are  flaws  where  you  have 
1 band  width  of  kA  of  about  5. 

James  krumhansl  (National  Science  Foundation':  What  you  say  about  the  imaging  part  is  absolutely  true. 

Gordon  kino:  1 am  not  saying  imaging;  1 am  just  saying  straight  pulse-echo. 

David  Lee,  Chairman  (Applied  Mechanical  Research  Laboratory):  1 have  a question  for  the  speaker.  Is 
there  something  a little  bit  inconsistent  in  the  fact  that  your  nwdel  is  accurate  for  wave  lengths 
that  are  long  compared  to  the  scatterer  and  yet.  the  Fourier  Transform  has  in  it  sharp  infor- 
mation about  qanna  which  results  from  higher  frequencies? 

Jim  Rose:  Right.  I think  the  way  to  answer  this  is  that  the  Born  approximation  is  not  good  in  the 
frequency  domain.  However,  it  gets  the  first  peak  and  first  valley  'ightly.  It  is  off  quantita- 
tively in  a differential  sense,  but  it  has  got  a peak  and  a valley  where  a peak  and  a valley  ought 
to  be  and  it  has  got  another  peak  up  where  the  second  peak  ought  to  be.  'gain,  they  are  off  in 
frequency.  I see  this  as  an  integrated,  average  way  to  find  the  position  of  the  first  peak.  You 
know  that  you  can  essentially  take  the  position  of  the  first  peak  from  the  sphere  and  guess  the 
radius  darn  well.  If  you  just  look  at  the  position  of  the  first  peak  itself,  that  is  a different''! 
quantity.  Here  I have  got  an  integral  average.  That's  how  I would  understand  it.  The  kernel  is 
multiplied  by  an  interference  pattern  and  that  is  the  same  as  averaging. 

David  Lee,  Chairman:  Forgive  me,  but  one  nxire  question  on  this.  Of  course,  the  numerical  inversion 

model  like  Fourier  Transforms  is  one  of  the  archtypical  field  force  problems;  one  suspects  that  your 
insensitivity  to  noise  arises  because  of  whatever  you  did  had  the  effect  of  a low  pass  filter. 

Jim  Rose  Absolutely.  That's  the  beautiiul  thing  about  the  Born  approximation  for  elastic  waves.  In 
the  long  wave  length  limit,  you  get  information  on  the  site  of  the  object.  That  is  where  you  get 
your  best  infoi’nwtion;  the  opposedness.  I think,  comes  out  because  you  have  got  a limited  band 
width  of  higher  frequencies  and  I have  got  long  wave  lengths. 

Phillip  Hodgetts  (Los  Angeles  Div..  Rockwell):  Did  I hear  you  say  that  you  injected  randor  noise  in  the 
experiment  to  duplicate  noise  'n  titanium? 

Jim  Rose:  No,  I took  Gaussian  random  noise  into  my  theoi'etical  data  that  1 had  generated  and.  not  knowing 
anything  more  about  it,  I simply  added  a random  amount  to  each  number,  50  percent. 

PHillio  Hodgetts.  The  reason  I am  asking  is  that  down  in  the  real  wi'rld  where  I work,  where  we  look  at 
titanium  with  our  present  crude  methods,  what  we  call  noise  is  really  a misnomer  because  it  is 
absolutely  repeatable  and  it  comes  up  all  the  Mme. 

Jim  Rose:  I think  the  point  again  is  that  my  information  is  reallv  in  the  position  of  the  fi'St  orik 
in  some  averaged  way.  Now,  you  can  move  things  around  differentially  bv  putting  in  srall  cracks 
and  influence  the  low  frequency  behavior,  but  their  main  influence  is  at  high  frequency  where 
k is  of  the  size  of  a little  flaw.  I am  getting  the  information  out  basically  at  lower  frequencies. 
So  I think  1 iust  average  out  there. 

Phillip  Cook  (University  of  Houston):  There  is  literature  in  radar  which  says  that  if  you  will  send 

towards  the  void  a ramp-shaped  pulse  and  detect  that  ramp-shaped  pulse  in  the  time  domain  then  you 
can  get  information  which  is  related  to  the  a ea  of  the  void.  I think  it  all  carries  over  very 
closely  to  this  theory.  It  is  all  based  on  the  long  wave  length  approximation,  and  is  based  upon 
the  face  that  the  surface  is  radiating. 
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ABSTRACT 

The  technique  of  laser  photoacoustic  spectroscopy  Is  applied  to  the  studies  of  surface  and  sub-surface 
structures  of  solids  In  a nondestructive  fashion.  In  the  present  case,  special  attention  Is  focused  on 
react Ion -bonded  SI^Nj  ceramics,  which  are  used  for  the  manufacturing  of  turbine  blades.  Good  correlation 
Is  obtained  between  the  observed  photoacoustic  signal  and  surface  microstructures.  In  addition,  the  photo- 
acoustic signal  reveals  Inhomogeneities  that  are  not  visually  detected  under  a microscope. 


INTRODUCTION 

Recently,  there  has  been  considerable  In- 
terest In  a "new"  spectroscopic  technique  called 
photoacMstIc  (or  optoacoustic)  spectros- 
copy.Although  the  photoacoustic  effect  was 
discovered  by  A.G.  Bell  In  1880,3  and  al- 
though It  has  been  used  for  many  years  to  perform 
optical  studies  on  gases, ^ It  was  not  until 
1973  that  this  effect  was  developed^  into  a 
spectroscopic  tool  for  the  optical  Investigation 
of  solid  materials.  In  the  last  four  years, 
photoacoustic  spectroscopy  has  been  found  to  be  a 
very  useful  technique  for  research  and  analysis, 
not  only  In  Physics  and  Chemistry,  but  also  In 
Biology  and  Medicine. ^ It  Is  especially  well 
suited  for  Investigating  amorphous  and  powder 
systems  In  which  the  Rayleigh  scattering  makes 
transmission  and  reflectance  studies  difficult. 

EXPERIMENTAL 

In  this  technique,  a sample  Is  placed  Inside 
a specially  designed  cell  (resonant  or  non- 
resonant acoustically) 3 containing  a suitable 
gas  and  a sensitive  microphone.  A non-resonant 
PAS  cell  used  In  the  present  study  Is  shown  In 
Fig.  1.  The  sample  Is  then  Illuminated  with 
chopped  radiation  as  shown  In  Fig.  2.  Light  ab- 
sorbed by  the  sample  Is  converted.  In  part.  Into 
heat  by  non-radlative  de-excitation  processes^ 
within  the  sample.  The  resulting  periodic  heat 
flow  from  the  sample  to  the  surrounding  gas  cre- 
ates pressure  fluctuations  In  the  cell,  which  are 
detected  by  the  microphone  as  a signal  which  Is 
phase  coherent  at  the  chopping  frequency.  The 
signal  Is  subsequently  analyzed  by  a lock-in  amp- 
lifier and  displayed  on  the  x-y  recorder,  either 
as  a function  of  the  wavelength  of  the  Incident 
radiation,  or  as  a function  of  the  scanning  po- 
sition. 

The  resulting  photoacoustic  signal  Is  di- 
rectly related'  to  the  amount  of  light  absorbed 
by  the  sample.  This  Is  especially  the  case  for 
highly  opaque  and  low  fluorescence  systems. 
Furthermore,  since  only  the  absorbed  light  Is 
converted  to  sound,  scattered  light  presents  no 
difficulties.  A quantitative  treatment'  shows 
that.  In  addition,  both  the  magnitude  and  the 


phase  of  the  photoacoustic  signal  depend  on  the 
thermal  properties  of  the  sample  and  those  of  the 
gas  In  the  cell,  as  well  as  on  the  chopping 
frequency. 

RESULTS  AND  DISCUSSIONS 

In  the  present  report,  we  demonstrate  that 
the  technique  can  be  applied  to  study  the  micro- 
structures of  solid  surfaces,  I.e.  for  non- 
destructive evaluation  (NOE)  of  surface  flaws  and 
sub-surface  Inhomogeneities.  The  geometric  con- 
siderations for  flaw  detection  at  or  near  the 
surface  are  shown  In  Fig.  3.  As  the  laser  beam 
Illuminates  the  sample,  a well-defined  effective 
volume,  Veff  • axdeff  Is  heated  because  of 
absorption  of  the  electromagnetic  radiation.  The 
area  A depends  on  the  focusing  of  the  laser  light 
and  can  be  as  small  as'lO'^^m’.  a charac- 
teristic optical  penetration  depth  dop  • (ab- 
sorption coefficient)-!  exists,  which  depends 
on  the  wavelength  of  the  Incident  light.  In 
addition,  the  chopping  frequency  dictates  y ef- 
fectlve  thermal  diffusion  length  dth  • 
for  the  heat  to  couple  to  the  gas  environmnt. 
Here,  k Is  the  thermal  conductivity,  C Is  the 
specific  heat,  p Is  the  specific  gravity  of  the 
sample,  and  Is  2vx  (chopping  frequency).  It  Is 
a combination  of  these  two  effects  which  limits 
the  depth  of  the  material  evaluated.  Therefore, 
we  define  an  effective  absorbing  depth  d^ff 
given  by 

tieff  * dth.  ^or  dth  < dop  and 

deff  * dop,  for  dth  > dop- 

The  presence  of  flaws  or  Inhomogeneities  In  the 
Illuminated  region  will  change  the  effective  vol- 
ume (optically  and  thermally).  If  the  flaw  Is  a 
different  material  (foreign  Inclusion)  than  the 
host,  the  absorption  coefficient  will  also 
differ.  If  a crack  or  a void  Is  present,  the  ef- 
fective volume  will  differ.  The  combination  of 
these  effects  will  give  rise  to  a change  In  the 
magnitude  and  phase  of  the  acoustic  signal. 

He  have  Investigated  a number  of  silicon 
nitride  ceramic  samples®  with  chopping  freq- 
uencies ranging  from  50  to  2000  Hz.  Some  of  the 
samples  have  surface  cracks  approximately  SOum  x 
lOOum,  which  are  visible  under  the  microscope. 
Others  show  no  obvious  surface  cracks.  In  Fig. 

4,  typical  traces  are  shown  of  the  photoacoustic 
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signal  (F  • MOHz)  as  one  scans  across  such 
surfaces.  The  surface  profile  Is  very 
reproducible  for  repeated  scans  along  the  same 
line,  as  Illustrated  by  traces  (.a.b)  and  (d.e). 
Also,  as  one  Improves  the  focus,  the  resolution 
improves  accordingly,  and  more  detailed 
microstructure  Is  revealed  as  Illustrated  In 
traces  d and  e In  Fig.  4.  For  these  traces,  the 
diameter  of  the  minimum  focal  point  1s'30um. 

The  difference  between  samples  with  and  without 
I cracks  is  also  evident  In  Fig.  4.  This  Is 

further  Illustrated  In  Fig.  5 and  6,  where  an  x-y 
scan  Is  presented.  Ue  find  a reasonably  good 
correlation  between  the  photoacoustic  signal  with 
features  which  are  observed  under  the  micro- 
scope. Furthermore,  the  photoacoustic  signal 
shows  features  not  detected  visually  with  a 
microscope.  These  sub-surface  features  may  be 
related  to  the  presence  of  nitrogen  deficient 
clusters  or  to  precipitated  Impurities  such  as 
suicides.^  Spectroscopic  experiments  uti- 
lizing a tunable  dye  laser  should  provide  Infor- 
mation for  more  precise  Identification,  both  of 
the  chemical  composition  and  the  depth  of  these 
inhomogeneltles.  Such  studies  are  presently  in 
progress . 

In  conclusion,  the  photoacoustic  technique 
I has  the  capability  of  characterizing  surface  and 

[ sub-surface  structures  In  condensed  matter,  as 

I Illustrated  In  these  preliminary  studies  on  the 

technically  Important  silicon  nitride  ceramics. 

He  believe  that  the  technique  also  shows  excel- 
j.  lent  promise  for  nondestructive  evaluation  ap- 

I plications  to  other  materials. 

I 
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Fig.  2 Schematic  diagram  of  the  laser  photo- 
acoustic scanning  system. 
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Fig.  1 Non-resonant  PAS  cell  with  S1-N.  turbine 
blade  sample. 
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ABSTRACT 


Tha  typical  tranaducar  conaldarad  conalata  of  a plazoalactrlc  ftla,  and  aaaoclatad  alactrodaa, 
connactad  to  ona  gata  of  a dual-gata  flald-affact  tranalator  In  tha  allicon  wafar  on  which  tha  plazo- 
alactrlc flln  la  altuatad.  An  Individual  tranaducar  raaponda  to  varloua  aodaa  of  axcltation  (flaxural, 
aurfaca,  bulk)  at  fraquanclaa  which  nay  ranga  froa  far  balow  ona  Hartz  to  hundrada  of  aagahartz.  Tha 
aacond  gata  of  tha  flald-affact  tranalator  can  ba  uaad  for  alactrlcal  a^>lltuda  control  or  for  nixing 
purpoaaa.  Connactlon  of  a nuabar  of  thaaa  aaall  tranaducara  togathar  to  fora  arraya  r^aralta  raallzlng 
ultraaonlc  racalvlng  davlcaa  having  varlabla  diractlvlty,  and  progavabla  aurfaca-wava  algnal  procaaaora. 


The  tranaducar  atructurea  conaldarad  are  ahown 
In  croaa  aactlon  In  Pig.  1 (the  vertical  acale  la 
exaggerated)  with  acheaatlc  ayabola  for  eaay 
rapreaentatlon.  In  the  PI-DMOS  tranaducar  a alngle- 
gate  flald-affact  tranalator  haa  a plazoalactrlc 
ZnO  flln  dapoaitad  In  tha  gata  region  on  top  of  a 
theraally-grown  SIO,  layer.  In  tha  lower  atructure 
a cnaaiarclal  dual-gate  doubla-dlffuaad  MOS  tran- 
alator haa  ona  gata  connected  to  a dapoaitad 
piezoelectric  ZnO  flln.  Plgura  2 ahowa  the  four 
nodes  of  axcltation  of  this  transducer.  Sons  wave- 
foma  appear  In  Pig.  I. 

THE  INDIVIDUAL  TRANSDUCER 

Upon  conparlng  the  two  tranaducar  structures, 
one  notes  that  the  PI-DMOST  atructure  offers  both 
piezoelectric  and  pyroelectric  response  down  to  zero 
frequency  owing  to  Isolation  of  tha  ZnO  fila  by 
high-quality  theraally-grown  SIO2.  Pabrlcatlon  of 
the  second  transducer  structure  la  safer  as  no  sput- 
tering in  the  gate  region  is  required.  The  second 
structure  offers  additional  design  freedon  In  the 
shaping  of  the  piezoelectric  region  (hence  control 
of  diractlvlty)  and  In  Its  area  for  control  of 
transducer  aenaltivity. 

Response  of  PI-DHOST  and  the  dual-gate  sensor 
to  application  of  static  strain  In  a cantilever 
fixture  (Pig.  4).  At  top,  voltage  across  load 
resistance  decreased  as  source-drain  current  dropped 
whan  strain  was  applied  and  remained  at  constant 
value  for  duration  of  test,  17.8  hours,  after  which 
It  returnad  to  original  value.  Lower  scope  trace 
shows  that  no  dc  response  la  observed  with  the 
second  structure  In  which  the  ZnO  film  la  not 
Isolated  by  thermally-grown  SIO^.  It  appears 
possible  to  provide  such  Isolation  with  the  dual- 
gata  sensor  If  desired. 

In  Pigs.  5-7  temperature  sensitivity  and 
dimensional  design  crltarla  are  given. 

ELECTRICAL  CONTROL  OP  TRANSDUCER 

In  tha  PI-DNOST  a voltage  may  be  applied 
externally  to  the  gate,  and  in  tha  dual-gata  trans- 
ducer (second  atructure)  one  may  utilize  the  aacond 
gate  to  control  tha  rasponsa  to  a signal  applied 
via  tha  piezoelectric  film  connected  to  tha  first 
gata.  Tha  amplitude  of  response  can  be  adjusted 
with  a control  voltage  Vg2-  Sampling  of  a low 
frequency  output  can  ba  achieved  by  means  of  samp- 
ling pulses  of  short  duration.  Mixing  In  the  dual- 


gate transistor  Is  achieved  by  application  of  a 
local  oscillator  signal  at  the  second  gata.  In 
slgnal-procasslng  arraya  baaed  on  use  of  a number  of 
these  transducers,  separate  pleoelectrlc  films 
could  drive  first  and  second  gates  to  provide  non- 
linear coupling  of  dlffarant  Input  signals. 

TRANSVERSAL  PILTER  SIGNAL  PROCESSOR 

Dual-gate  transducers  can  ba  connected  li.  an 
array  to  form  a transversal  filter  structure  as 
shown  In  Pig.  11.  Although  dependence  of  trans- 
ducer amplitude  upon  second  gate  bias  la  nonlinear 
over  part  of  Its  range  (Pig.  12),  by  differencing 
two  such  transistor  outputs  a highly  linear 
dependence  of  amplitude  or  tap  weight  upon  bias  la 
obtained,  simplifying  setting  of  tap  weights  (Pig. 
13),  An  array  processor  operating  near  27  MHz  Is 
being  fabricated  at  present.  Arrays  of  these 
tranaducara  with  second-gate  control  of  weighting 
aieo  appear  attractive  for  use  as  ultrasonic 
receiving  (and  perhaps  also  transmitting)  devices 
for  scanning  in  defect  characterization. 

SUMMARY 

The  Integrated  transducers  based  on  use  of  a 
piezoelectric  flln  and  field-affect  translator  are 
versatile  devices  offering 

— response  to  various  modes  of  excitation 

— wide  frequency  response  from  dc  If  desired  to 
hundreds  of  megahertz 

— useful  electronic  control  within  the  transducer 
Itself 

— possibility  of  Interconnection  Into  arrays  for 
signal  processing  and  detection. 
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TviaperatuTr  aendtlvtty  of  Pl-PMtfST. 
nwlng  rhfrfly  to  pyrorlactrlc  offn-t 
throKhoId  voIiaro  rhartRod  aaoh  t laio 
taHperalura  vaa  altarod  and  raaialnrd 
ronatant  during  th»  approxliaataly  ?0 
■Imitca  of  each  at*p  during  which 
tmperaturr  waa  atablr. 


Modaa  of  excitation  of  the  tranaducer . 
All  four  typea  of  reaponae  have  been 
obaerved  axpertMntally , at  frequenciea 
ranging  (for  the  PI-NUST  atructure)  fro* 
leaa  than  one  Ht  in  the  flexural  Bode  to 
about  90  HHt  with  aurface  acouatic  wave 
excltat ion. 


RP  eource  to  PIT -i.  Vert  leal 
acale“lv/dlv 


■ ^PI-OMOST  output  with  biaa  turned  off 
Vert.  Bcale«S0«v/dlv 

.RF  aource  to  PTZ-5, 

Vertical  acala'lv/dlv 

Pl-DMOST  output  with  biaa  turned  off 
-Reapi^nae  delay  aZlua.  Vertical 
scale* S0*v/dlv 

Hortiontal  acale  • S ua/dtv  Freq  • 6.25  H Hi 


ThrtiXoie  vQllagl  of 
0 PI ' DMOST  Of  i f.iachon 

of  itaaetofato 


Top  trace:  output  fro* 
Interdtgltal  transducer 
delay  tlae  • 4.2  pa 

Rot to*  trace:  reaponae 
froai  D-K>ST  delay  tlae 
• 5 MS 


Calculated  Teaparature  Dependence  of  Threshold 
Voltage  for  Fl-DMDS  Tranaducer 


(1)  Pyroelectric  effect  in  the  ZnO  layer 


Response  of  a PI-IMOST  transducer  (first 
structure)  to  bulk  waves  at  ) Nli  and  tha 
taO  dual-gata  davlca  (second  structure)  to 
SAN  at  RO  Ms.  In  latter,  an  output  froa 
an  IDT  on  tha  saae  silicon  wafet  is  shewn 


(2)  Theraal  alaaatchlng  between  the  ZnO  layer  and 
the  substrata 
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(3)  Contribution  froa  th«  St  »ubatr«c« 


Fig.  b Kqutvnltfnt  circuit  nKvlelN  for  th*»  iw 
CrMuiiklucer  HtructurcM  showing  ctfj>^nd- 
etu  OH  upon  area  and  capacitance  per 
»inlt  area  ratios  for  7n0  (denoted  2), 
upper  and  lower  oxides  In  ri-0Ml>ST  (I  and 
l>  , and  gate  oxide  In  dual-gate  OHi^ST(O). 


Copdciiisnct  toiio  C|/Co 

Fig.  7 ('.aln  factor  appearing  in  expreaalon  for 
HenHitlvlty  of  second  structure  as  func- 
tlon  of  area  and  specific  capacity  ratios. 
Tvplcal  transducer  deaign  winild  have  gain 
factor  ranging  frvm  to  UX). 
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jflg.  g Aaplltude  Control.  Top  trace  of  Fig.  S 
shows  output  of  dual-gate  sensor  in 
response  to  acoustic  bulk  longitudinal 
wave  excitation  at  approxlaatelv  3 MHc 
with  constant  dc  bias  on  second  gate  and 
signal  applied  to  first  gate.  Lower 
trace  shows  effect  of  reduced  gain  near 
center  of  trace  resulting  fro«  an  8 
■icrosecond  negative  pulse  superimposed 
on  the  dc  second-gate  bias.  Such 
amplitude  control  could  be  used  to 
deaden  receiving  transducer  during  "auiln 
bang"  of  nearby  transmitting  transducer 
or  to  select  a portion  of  the  output 
for  display. 
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Fretiuency  Translat  ion  (Mixing) . 

(A)  Frequency  shifting  with  Pl-DMl^ST, 

In  Fig.  9 SO  kHs  C\i  voltage  was  super- 
imposed on  the  gate  electrode  of  the 
first  transducer  structure  during  low- 
frequency  strain  measurements.  Trans- 
ducer output  is  at  so  kKs  permitting  use 
of  lock-in  detection  and  plotting  on  a 
chart  recorder.  Upper  trace  in  photo 
shows  output  of  transducer  in  non- 
strained  state;  lower  trace  shows  output 
when  strain  is  applied  (roughly  8 x 10*^ 
strain  magnitude).  Portion  of  chart 
recording  (Fig.  9b)  shows  corresponding 
output  of  lock-ln  amplifier  (shift  in 
baseline  is  believed  due  to  drift  of 
ions  in  gate  oxide  under  Influence  of  dc 
eats  bias) . 

(B)  Mixing  in  dual-gate  transducer  (Fig. 
10).  With  signal  on  first  gate  the 
application  of  a local  oscillator  signal 
at  second  gate  can  produce  mixing  in  the 
integrated  transducet  itself  and  output 
at  .an  intermediate  frequency*  Msxlmisit 
sum  or  difference  output  is  observed 
when  dc  second^gate  bias  is  adjusted  for 
maxlm\ai  rate  of  change  of  transconduc- 
tance  with  second-gate  bias  voltage. 
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Ftg.  n ArrangemenC  of  trATTsducerit  in  different'- 
Ing  circuit  to  form  SAW  transversal 
filter  processor.  Outputs  of  the  in- 
dividual taps,  the  ZnO  stripes  with  thel 
electrodes,  are  amplified  hy  controlled 
amounts  hv  dual-gate  transistors  whose 
g.vins  are  set  by  the  tap-weight  Mock. 
Entire  device  could  be  integrated  on  a 
single  silicon  wafer.  Bias  circuitrv 
la  not  shown. 


i 


H*.  12  D*p*nd«nca  of  gain  of  a alngle  dual- 
gate  tranalator  upon  control  gate 
blae  voltage  V„. 
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Fig-  M Results  of  test  of  a simulated  single 
tap  In  differencing  scheme.  Control 
biases  of  equal  and  opposite  value  were 
applied  to  twtT  dual-gate  transistors 
connected  to  differential  amplifier. 
Analysis  of  result  shows  output  is 
linear  to  within  il  db  over  a **l  db 
range . 
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PVF^  TRANSDUCERS  FOR  NDt 


M.  H.  Ch«n,  H.  J.  Sh«w,  D.  G.  Weinstein,  end  L.  T.  Zltelll 
Gintton  laboratory,  Stanford  University 
Stanford,  California  9430S 


ABSTRACT 

We  report  on  recent  calculations  and  eKperlments  on  the  broadband  properties  and  Impulse  character- 
istics of  PVF-  transducers  a»d  arrays.  Experimental  wedge  transducers  show  bandwidths  of  approximately 
100%  In  the  excitation  of  surface  acoustic  waves  at  7 on  nonpletoelectric  silicon  nitride  ceramic  sub- 
strates. Computer  calculations  predict  similar  bandwidths  for  Interdigital  transducer  arrays  on  PVf^ 
f11«  for  surface  acoustic  wave  excitation  on  similar  substrates.  Insertion  loss  versus  frequency  measure 
ments  on  bull  longitudinal  wave  transducers  In  water  at  freguencles  In  the  1 to  30  ifit  range  show  good 
agreement  with  theory.  A computer  program  for  multilayer  pletoelectric  films  predicts  Included  angles  of 
acceptance  exceeding  60“,  and  control  of  acceptance  angle  profiles.  In  face  plates  using  multilayer  PVF, 
films.  2 


PVF.  bulk  wave  transducers  are  made  by  bonding 
25  u PVF^  film  (*  1/2"  » 1/2")  onto  brass  backing 
i-ods  with  V-6  epoxy.  The  PVF,  film  Is  obtained 
from  kureha  Corporation  In  stl^tched,  poled  and 
electroded  form.  We  etch  off  the  aluminum  elec- 
trodes, which  erode  guickly  when  placed  In  water, 
and  put  down  a thin  layer  of  chrome  followed  by  a 
layer  of  gold  (»  ItXXI  A). 

These  bulk  Mve  transducers  have  a very  flat 
fregueocy  spectrum  up  to  20  l*1t  when  radiating  Into 
water.'  This  Is  expected,  since  the  acoustic  Im- 
pedance and  velocity  of  longitudinal  waves  In  PVF^ 
(3.83  ' lo'  ^'cm^sec  and  2.15  » 10*  cai/sec,  I'e-  ^ 


1.48  « 10®  cm/sec).  As  the  Ims'edance  mismatch  at 
the  brass/PVF-  Interface  Is  Targe,  little  energy  Is 
radiated  Into^the  brass.  These  characteristics  of 
PVF.  result  In  a clean,  nearly  bipolar  Imfiulse  re- 
sponse (Fig.  1).  PVF,  transducers  have  shown  a 60 
dB  two-way  Insertion  toss  at  their  resonance  fre- 
quency (\  • 4 < film  thickness). 
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Fig.  1.  IiiH'ulse  response  of  a broadband 
PVfjj  transducer. 

Although  the  pleioelectrlc  coupling  coeffi- 


cients of  PVF,  are  low  compai'ed  to  P2T,  the  power 
output  of  a PtF,  transducer  remains  linear  with 
higher  applied  Voltage  than  P2T.  We  have  carried 
out  power  measurements  at  higher  frequencies  (13.56 
Hit).  The  power  output  of  a PVF.  transducer  re- 
mained linear  up  to  750  volts  {3^^  10®  v/cm),  the 
limit  of  the  signal  generator.  It  Is  expected  that 
the  poj^r-vol tage  relation  will  remain  linear  above 
3 ' 10®  volt/cm,.  Calculations  have  shown  that  PVF, 
can  produce  approximately  5 times  the  (yower/volume" 
that  P2T  can  produce. 

Multilayer  transducers  also  have  been  Investi- 
gated. By  folding  and  bonding  an  electroded  film, 
PVF,  transducers  can  be  operated  with  high  applied 
RF  Electric  fields  without  requiring  high  voltage. 
This  provides  a multilayer  transducer  In  which  the 
voltages  of  the  Individual  layers  are  In  parallel 
while  their  acoustic  fields  are  In  series.  This 
also  provides  a way  of  obtaining  lower  resonant 
frequencies  with  a given  film  thickness.  Multi- 
layer transducers  have  been  constructed  and  used  to 
observe  the  movement  of  the  mitral  valve  of  the  hu- 
man heart  (see  Figs.  2 and  3). 

We  are  curiently  examining  the  possibility  of 
a PVF.  face  plate  which  could  receive  acoustic  ra- 
diation at  angles  other  than  normal  Incidence.  For 
a face  plate  used  as  a receiver,  broadband  frequen- 
cy response  leads  to  broad  angular  response.-' 
Therefore  a PVF,  face  plate  should  have  a very 
t'lxiad  angular  response.  Just  as  a wide  aperture 
optical  lens  has  better  resolution  than  a narrow 
aperture  lens,  a broad  angular  resivnise  transducer 
will  lead  to  better  resolution  than  a transducer 
with  a relatively  narrow  angular  response.  Thus, 
a PVF.  face  plate  promises  good  resolution.  Photo- 
lithography would  be  used  to  produce  periodic  elec- 
trode patterns  on  the  PVF,  surface  which  could  then 
be  electronically  scanned‘to  achieve  Imaging.  At 
present,  theoretical  studies  on  the  angular  re- 
sponse of  brass  backed  PVF,  face  plates  are  under- 
way uslno  a computer  program  developed  by  Auld  and 
Roberts.^  Figure  4 shows  the  voltage  response  as 
a function  of  angle  of  a PVF,  brass  backed  film. 

The  three  curves  show  the  effect  of  the  value  of 
the  plejoelectric  coupling  coefficient  e^^ 
transducer  response.  (5hear  wave  effects  h.vve  been 
suppressed  in  order  to  simt'lify  understanding  of 
the  result.)  As  e.,^  and  ejj  have  opposite 
signs.  It  Is  seen  tfiat  e.,  detracts  fixw  the  unl- 
foimi  character  of  the  voltage  response  ftvm  OP  to 
.TOP. 
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Calculations  have  also  been  made  which  involve 
both  shear  and  longitudinal  waves.  These  show  a 
large  shear  wave  resonance  near  a 55°  angle  of  in- 
cidence. The  tail  of  these  resonances  contributes 
to  the  uniform  character  of  the  response  from  0°  to 
30°. 


Fig.  2.  Multilayer  transducer  structure. 


Fig.  3.  Photo  shows  an  echo  from  a mitral  valve 
leaflet.  The  right-hand  pulse  is  the  mi- 
tral valve  echo;  the  near-in  signals  are 
echoes  from  Inhomogeneities  in  the  brass 
used  as  the  transducer  backing. 

He  have  devised  a scheme  that  involves  stack- 
ing three  layers  of  PVF.  in  such  a way  that  the  re- 
sulting ejx  did  fizz  tti*  stacked  films  have 
the  same  sign.  By  rotating  a film  90°  about  an 
axis  perpendicular  to  the  plane  of  the  film  we  can 
Interchange  ezx  and  e^y  , which  diffeiwby  a 
factor  IS  5.  By  Inverting  a film  we  change  the  sign 
of  e^x  and  e^^  . Using  these  changes,  we  then’-* 

retically  construct  a three-layer  stack  with  the 
properties  shown  on  Fig.  5.  This  figure  also  shows 
the  voltage  response  of  such  a stack.  The  theore- 
tical response  of  such  a stack  is  more  favorable 
(out  to  45°)  than  a single  film. 

Hedge  transducers  have  been  constructed  for 
the  excitation  of  surface  acoustic  waves  on  high 
velocity  nonpiezoelectric  substrates.  These  could 
be  used  to  perform  NOE  on  surface  flaws.  In  this 


case,  a PVF^  transducer  irradiates  the  substrate  at 
an  angle  suCh  as  to  phase  match  with  a surface  a- 
coustic  wave  propagating  on  the  substrate.  The  ex- 
perimental wedge  transducers  have  a resilent  RTV 
wedge  between  the  PVF,  transducer  and  the  surface 
wave  substrate  allowing  experimental  variation  of 
the  wedge  angle  by  distorting  the  RTV.  this  being  a 
critical  parameter. 4 (See  Fig.  6).  As  PVF.  can  be 
used  at  frequencies  near  20  MHz,  the  wavelength  of 
such  a surface  wave  will  be  small,  and  resolution 
will  be  good.  Using  30  u PVF.  films,  a bandwidth 
of  approximately  100%  has  been  observed  at  7 Miz 
in  initial  measurements  using  two  identical  wedge 
transducers  on  a silicon  nitride  substrate. 


Fig.  4. 


Theoretical  PVF^  face  plate  response. 
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Fig.  5.  Theoretical  PVF^  face  plate  response. 

Intcrdigital  surface  wave  transducers  in  which 
PVF.  film  provides  coupling  between  the  interdigi- 
taParray  (deposited  on  the  PVF.)  and  a nonpiezo- 
electric substrate  are  being  stDdied.  The  effec- 
tive coupling  is  determined  by  evaluating  the 
fractional  difference  in  velocity  (av/v)  of  a 
surface  wave  propagating  in  the  film  substrate  com- 
bination under  two  conditions:  (1)  no  electrodes 
are  present  at  the  surface  which  is  to  contain  the 
interdigital  array,  and  (2)  a uniform  conductor  is 
placed  at  that  surface.  The  surface  wave  veloci- 
ties have  been  calculated  using  a computer  program 
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ilcvtiopcd  by  K.tno  4111I  W«g«rs,^  4r«  vbuwn  In  Fiy.  7. 
Focusing  on  the  Curve  label  10-00,  we  see  that  this 
curve  rises  to  a reasonably  high  value  (O.Bt)  and 
Is  also  fairly  broad.  This  Implies  that  an  lOT 
with  the  10-00  structure  would  be  capable  of  a 
broad  frequency  respotise.  The  resulting  transducer 
w)11  be  flexible  and  mechanically  conformable  for 
use  on  curved  surfaces  (see  Fig.  B). 


Uwl(« 


Fig.  6.  Wedge  transducer  schematic. 
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The  PVF > program  at  Stanford  also  Includes  a 
material  synthesis  group.  C.  FranS  and  S.  Bowier 
of  the  Chemical  Engineering  Oepartnent  are  studying 
the  chemistry  and  synthesis  of  PVF,.  aimed  at  im- 
proving the  piezoelectric  prot>ertlPs  of  PVl2. 

R.  Relgelson,  R.  Route,  and  R.  DeMattel  are  In- 
volved In  melt  press  production  of  PVF,  films  at  the 
Stanford  Center  for  Materials  Research^ 
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Cases 

01-00  - IDT  on  top  of  PVF2 

short  at  sub-PVF?  Interface 

10- 00  - IDT  at  PVF2  sub-interface 

short  on  top  of  PVF2 

11- 01  - IDT  at  sub-PVFy  Interface 
11-10  - lOT  on  top  of  m2 

(H  • film  thickness,  A ■ propagation  constant) 

Fig.  7.  av/v  versus  film  thickness. 


Fig.  8.  IDT  schematic. 
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CALCULATIO*!  Of  THE  RESPONSE  Of  ANGLE  8EAH  ENATs 
TO  ELAHS  IN  THE  EAR  FIELD 

W.  J.  P<rde«  And  R.  B.  Thcxap^on 
RocEmcII  Internit (on*l  Science  Center 
Thousind  OaE^,  CillFornti  9H60 

ABSTRACT 

In  the  design  of  a system  for  NOE,  It  Is  necessary  to  ouantify  the  relationship  of  flaw  size  and 
orientation  to  transducer  signal  levels.  This  Is  particularly  true  for  automated  s stems,  In  which  the 
transducer  coordinates  cannot  be  adjusted  by  an  operator  to  maximize  the  signal.  This  paper  presents  the 
result  of  a model  calculation  for  the  case  of  angle  beam  Inspection  using  IMATs,  which  appear  likely  to 
find  extensive  use  In  such  systems.  Included  In  the  model  are  calculations  of  the  elastic  wave  radiation 
pattern  In  three  dimensions  for  plates,  calculations  of  the  elastic  wave  scattering  from  cracks  using 
existent  approximate  models,  and  calculation  of  the  electrical  response  to  the  scattered  wave.  Transducer 
apodization  is  used  to  reduce  spurious  side  lobe  signals  and  "blind  areas"  where  flaws  are  weakly  detected. 
Emphasis  Is  placed  on  the  case  of  SH  wave  generation. 


One  of  the  most  Important  assets  of  EMATs  for 
NOE  Is  the  possibility  of  producing  an  ultrasonic 
bean  of  relatively  well  controlled  polarization, 
intensity,  and  angular  distribution.  The 
mathematical  Ingredients  of  a systematic  approach 
to  the  design  of  ENATs  for  an  optimized  automated 
NOE  system  are  shown  in  the  flow  chart  of  Fig.  1. 
The  inputs  are  of  three  distinct  sorts,  EHAT 
parameters,  material  properties,  and  the  types  of 
flaws  which  are  sought.  The  design  algorithm 
contains  separate  modules  which  calculate  the 
surface  tractions  resulting  from  the  EHAT 
parameters,  and  a medlian  transfer  function 
depending  only  on  the  material  properties.  These 
are  cotabined  to  produce  the  displacements  and 
stresses  In  the  far  field  region  of  the 
transducer.  A third  major  program  module 
calculates  the  signal  produced  by  a reflection  of 
these  fields  from  the  flaw.  This  permits  such 
important  system  characteristics  as  the  variation 
of  signal  with  flaw  orientation  to  be  evaluated 
.ind  transducer  parameters  to  be  optimized  to 
minimize  this  variation. 

The  calculation  of  the  surface  tractions  for  a 
particular  ENAT,  that  of  Fig.  5,  Is  described  in 
Fig.  2.  These  are  straightforward,  albeit 
lengthy,  expressions  from  ordinary  electromagnetic 
theory.  They  result  In  expressions  which  are  In 
closed  form  as  a function  of  x and  y (Cartesian 
coordinates  In  the  plane  of  the  surface),  and  are 
numerically  Fourier  transformed  using  an  FFT 
algorithm  after  apodizing  with  a Kalser-Bessel 
window.  Because  the  EMAT  studied  here  (Fig.  5) 
directly  produces  tractions  only  parallel  to  the 
surface,  the  normal  (z)  component  of  the 
displacement  was  neglected  In  the  medium  response 


(Fig.  3).  Though  not  rigorously  correct,  this 
approximation  Is  plausible  for  moderate 
distances.  The  form  of  the  resulting  far  field 
expression  Is  shown  In  Fig.  3.  Figure  4 describes 
the  model  used  for  scattering.  A result  due  to 
Auld  exhibits  the  change  in  signal  as  an  integral 
over  the  crack  of  certain  stress,  strain,  and 
velocity  products.  These  were  calculated  in  the 
Born  approximation,  with  the  two  dimenslona. 
numerical  integrals  evaluated  by  a Gaussian 
algorithm.  The  coordinate  system  is  shown  in 
Fig.  5,  as  well  as  the  particular  EMAT 
configuration  studied  here.  Typical  results  are 
shown  in  Fig.  6 for  several  crack  orientations. 
These  results  suggest  that  inspection  performance 
of  the  system  would  be  acceptable  only  with 
orthogonal  scans. 

The  modular  computer  program  appears  to  be  a 
potentially  powerful  tool  for  the  NOE  system 
designer.  The  imnediate  need  Is  to  strengthen  the 
medium  module  by  eliminating  the  approximate 
treatment  of  the  plate  geometry.  It  may  then  be 
necessary  to  modify  the  scattering  theory  module 
to  utilize  a theory  more  powerful  than  the  Born 
approximation.  One  expects  that  large  computers 
may  eventually  play  a role  in  QNDE  comparable  to 
that  they  have  come  to  enjoy  In  optics. 
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Fig.  2 The  (SH)  source  (or  detector). 


Fig.  1 Optimized  NOE  system  design. 
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Fig.  5 Configuration  of  EHAT. 


Fig.  4 The  defect  scattering. 
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BEAM  INTENSITV  PROFILING  USING  CORRELATION  SYSTEMS 


E.  S.  Furgason,  G.  F.  Johnson,  and  B.  B.  Lee 
School  of  Electrical  Engineering,  Purdue  University 
West  Lafayette,  Indiana  47907 


ABSTRACT 

Techniques  are  described  in  which  the  intensity  distribution  of  an  ultrasound  beam  is  measured  with 
high  -esolution  by  means  of  the  radiation  reflected  from  a target  whose  effective  backscattering  diameter 
is  smaller  than  one  wavelength.  Correlation  receivers  are  used  to  improve  the  signal -to-noise  ratio  of 
the  echo.  As  the  target  is  scanned  across  the  beam,  the  phase  of  the  reference  signal  applied  to  the 
correlation  receiver  must  be  adjusted  to  compensate  for  changes  in  the  time  of  flight  of  the  ultrasound 
echo.  The  broadband  beam  intensity  mapping  technique  employs  a noise  signal  in  which  phase  compensation 
is  adjusted  manually.  The  other  technique,  which  is  used  with  narrow  band  signals,  applies  a phase 
quadrature  technique  to  achieve  phase  compensation. 


INTRODUCTION 

When  it  is  necessary  to  accurately  predict  the 
acoustic  beam  pattern  of  a transducer  or  array,  one 
may  either  resort  to  mathematical  models  or  attempt 
direct  measurement  of  the  intensity  distribution. 
Although  the  mathematical  models  of  highly  idealized 
transducers  that  exist  in  the  literature  come  close 
to  predicting  the  far  field  intensity  patterns  for 
both  narrowband  and  broadband  signals,  they  cannot 
represent  the  details  of  the  beam  patterns  for  real, 
non-ideal  transducers.  This  is  especially  true  for 
both  the  near  field  and  the  beginning  of  the  far 
field,  the  regions  in  which  most  transducers  are 
used.  This  shortcoming  is  apparent  in  our  measure- 
ments of  single  frequency  intensity  distributions 
near  the  beginning  of  the  far  field  zone. 

Commercially  available  equipment  for  ultrasonic 
beam  measurement  typically  lacks  sufficient  resolu- 
tion and  sensitivity  to  adequately  characterize 
the  beam.  In  addition,  these  systems  have  diffi- 
culty dealing  with  the  two  cases  in  wiiich  we  have 
the  greatest  interest,  the  single  frequency  signal 
and  the  very  wide  band  random  signal. 

Two  techniques  have  been  developed  in  which  the 
intensity  distribution  of  an  ultrasound  beam  is  mea- 
sured with  high  resolution  by  means  of  the  radia- 
tion reflected  from  a hemispherical  target  whose 
effective  backscattering  diameter  is  smaller  than 
one  wavelength.  One  of  these  techniques  provides 
high  resolution  beam  plots  for  narrow  band  beam 
signals.  The  second  is  used  to  examine  broad  band 
beam  patterns.  Correlation  receivers  are  used  in 
both  techniques  to  enhance  the  signal-to-noise 
ratio  of  the  echo. 

SYSTEM  FOR  NARROW  BAND  SIGNALS 

Beam  plots  for  single  frequencies  are  obtained 
from  a system  based  on  a modification  of  a direc- 
tional ultrasonic  Doppler  flow  meter.  The  system 
transmits  a pulse  modulated  burst  of  RF  with  center 
frequency  described  by  cos(i„Qt).  The  echo  expected 
from  a point  reflector,  due  to  this  transmitted 
signal,  will  contain  a frequency  component  described 
by 

A(x,y;z)cos  ((,igt-tt'(x,y;z)  1 (1) 

In  this  expression  A(x,y;z)  is  proportional  to  the 
intensity  distribution  of  the  ultrasound  field  in 


the  plane  normal  to  the  axis  (z-direction)  of  the 
acoustic  beam  and  ♦(x,y;z)  is  a phase  factor  depen- 
dent on  the  distance,  in  wavelangths,  between  the 
transducer  and  the  point  of  measurement.  The  objec- 
tive of  the  measurement  is  to  accurately  extract 
the  amplitude  function  A(x,y;z)  from  expression  1. 

The  most  straightforward  approach  to  this  deter- 
mination is  to  simply  measure  the  envelope  of  the 
echo  signal  as  a function  of  target  position.  This 
method  suffers  from  two  serious  drawbacks.  Since  it 
is  necessary  to  pulse  the  transmitted  signal  to 
control  multiple  reflections,  the  transmitted  sig- 
nal is  not  a single  frequency  but  an  entire  spectrum 
whose  bandwidth  is  inversely  proportional  to  the 
transmitted  pulse  length.  As  a result,  the  envelope 
of  the  echo  signal  actually  contains  contributions 
from  many  frequency  components,  making  interpreta- 
tion of  the  measurement  difficult.  In  addition, 
direct  measurement  of  the  echo  envelope  provides 
no  signal-to-noise  ratio  enhancement.  This  is  an 
extremely  important  shortcoming,  especially  when 
detailed  information  about  the  side  lobes  is  required. 
Accurate  beam  measurements  also  require  the  use  of 
a target  whose  effective  reflecting  surface  is  small 
compared  to  an  acoustic  wavelength.  In  practice, 
this  is  accomplished  by  using  a target  which  has  a 
hemispherical  reflecting  surface.  Although  the 
target  may  actually  be  larger  than  an  acoustical 
wavelength,  sound  will  be  returned  to  the  trans- 
ducer from  only  that  portion  of  the  spherical  sur- 
face which  is  nearly  tangent  to  the  beam  axis.  As 
a result,  little  of  the  transmitted  acoustic  energy 
is  returned  to  the  transducer. 

The  system  we  have  constructed  overcomes  the 
limitations  of  the  envelope  detection  system  by 
using  a degenerate  heterodyne,  or  homodyne  receiver. 

If  the  received  echo  is  mixed  with  a reference  sig- 
nal, it  is  possible  to  filter  the  mixer  output  to 
obtain  only  the  information  contained  in  a single 
frequency  component  of  the  received  echo.  If  the 
reference  signal  is  derived  from  the  same  master 
oscillator  as  the  transmitted  signal,  the  resulting 
signal,  after  filtering,  will  be 

A(x,y;z)cos  ^♦(x,y;^)t  (2) 

The  use  of  a homodyne  system  allows  selection  of 
a single  received  frequency  component,  even  though 
the  transmitted  signal  is  pulse  modulated.  Further- 
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"»re,  thU  type  of  system  provides  slgti.O  to-ncise 
ratio  enhancement  proportional  to  the  band  coagnes- 
slon  of  the  receiver,  the  ratio  of  the  output  band- 
width to  the  received  bandwidth.  This  type  of 
system,  how ver.  still  retains  the  phase  term 
♦(».y./).  lo  remove  the  phase  term,  we  take  advan- 
tage of  the  guadrature  signals  available  In  the 
single  sideband  receiver  of  the  directional  Doppler 
system. 

The  two  quadrature  signals.  cos{uj„t)  and 
sln(u.  t).  derived  from  the  master  oscITlator  are 
each  Mixed  with  the  received  echo.  If  the  output 
of  these  multipliers  Is  passed  through  a suffi- 
ciently narrow  band  low-pass  filter,  the  only  sig- 
nals which  survive  are: 


h(x.y;7)cos  lal^.y;/)) 

A(».y;i)sln  (a(x.yu))  (3) 

By  faking  the  vector  magnitude  of  these  two  signals, 
the  desired  Intensity  function  A(x.y;/)  Is  extracted, 
ihus  we  can  obtain  accurate  measurements  of  the 
single  frequency  beam  profile  with  significant 
s I gna 1 - to-nol so  ratio  enhancement. 


SYS_1 1 M TOR  broad  HAW  SIGNALS 

To  obtain  imnlmum  resolution,  most  flaw  detec- 
tion systems  take  full  advantage  of  the  available 
transducer  bandwidth.  Broadband  signals  are  also 
used  In  the  high  sensitivity  random' signal  flaw 
detection  that  we  have  developed.  Thus  there  's  a 
significant  need  to  accurately  characterise  the 
broadband  Intensity  patterns  of  acoustic  transducers. 


The  system  will  produce  a non-jero  output  only 
When  the  delay  Imposed  on  the  reference  signal 
approximately  equals  the  time  of  flight  of  the 
transmitted  signal  to  the  target  and  back.  The 
output  of  the  system  Is  a maximum  when  the  time  of 
flight  and  the  delay  are  Identical.  If  the  length 
of  the  time  delay  of  the  reference  signal  Is  slowly 
changed,  the  system  scans  along  a line  In  the  test 
OTject.  producing  an  output  on  each  occasion  that 
ii?  r?  delay  time  nearly  equals  the  time  of 
night.  The  output  of  the  correlator  Is  actually 
the  cross-correlation  function  of  the  echo  signal 
and  the  reference  signal. 


Sl^e  the  auto-correlation  function  Is  for 
the  entire  transmitted  slqnAl,  every  fi'vuuency 
c^onent  of  the  transmitted  signal  contributes  to 
the  peak  of  the  function.  Therefore.  If  the  peak 
of  the  auto-correlation  function  Is  tracked  as  a 
function  of  the  target  position  as  the  target  Is 
moved  through  the  ultrasonic  beam,  the  output  will 
ivpresent  the  beam  pattern  due  to  the  transmitted 
broadband  signal.  Since  this  system  uses  a corre- 
lation receiver  and  provides  hand  compression  the 
output  will  have  a greatly  enhanced  slgnal-to- 
nolse  ratio. 


neam  pronies  of  the  near  field  and  far  field 
have  been  made  using  both  systems  and  the  same  1/A 
Inch  diameter  wideband  transducer.  The  far  field 
Intensity  patterns  were  found  to  match  computer 
simulations  very  well.  The  measured  narrow  band 
prof  e for  the  far  field  also  showed  additional 
details  due  to  the  non-ideality  of  the  transducer 
under  test. 


The  beam  plotting  system  used  to  measure  broad- 
band sound  Intensity  patterns  Is  based  on  a modifi- 
cation of  the  random  signal  flaw  detection  system. 

the  flaw  detection  system,  broadband  ultrasonic 
random  signals  are  gransmitfed  Into  the  sample, 
echoes  reflected  from  Inhomogenel t les  are  picked 
up  by  the  transducer  and  amfiilfled  as  In  a conven- 
tional (lulsp-echo  system.  The  received  signal  Is 
then  correlated  with  a time  delayed  copy  of  the 
ransmit ted  acoustic  signal  which  has  been  stored 
In  a delay  line.  The  .impllfled  echo  signal,  toqe 
ther  w th  the  reference  signal  emerging  from  the 
delay  Ine.  enter  a correlator  which  consists  of 
a multiplier  followed  hy  an  Integrator  In  the  form 
of  a low-pass  filter. 


I he  authors  would  like  to  thank  V.  1.  Newhousp 
for  several  useful  discussions  relating  to  this 
project. 
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VISUALIZATION  OF  TRANSDUCER-PRODUCED  SOUND  FIELDS  IN  SOLIDS 


Wolfgang  Sachse* 
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ABSTRACT 

Broadband  ultrasonic  pulses  and  monochromatic  ultrasonic  waves  are  visualized  In  various  transparent 
solids  using  a photoelastic  visualization  technique.  Application  Is  made  to  the  characterization  of  the 
sound  field  radiated  by  various  ultrasonic  transducers  operating  under  various  excitation  and  coupling 
conditions. 


INTRODUCTION 

This  poster  paper  describes  several  results 
obtained  from  the  photoelastic  visualization  of 
piezoelectric  transducer-produced  sound  fields  In 
transparent  elastic  solids.  Publication  of  these 
results  will  be  In  the  1978  IEEE  Ultrasonics 
Symposium  Proceedings. 

The  characterization  of  ultrasonic  transducers 
can  be  made  In  two  steps.'  In  one,  the  transduc- 
tion process  Is  characterized  such  that  when  a 
transducer  Is  used  as  a source  of  ultrasound,  the 
relationship  between  the  electrical  excitation  and 
the  acoustical  output  Is  established.  A similar 
relationship  Is  established  for  a transducer  oper- 
ating as  a receiver.  In  the  second  step,  the 
radiation  field  of  the  transducer  is  determined. 
While  It  should  be  possible  to  compute  the  radiated 
field  of  a transducer  for  which  the  excitation 
traction  force  and  velocity  are  known.  It  has  only 
been  done  In  a few,  limited  situations.  These  are 
principally  cases  In  which  the  transducer  Is  modeled 
as  a piston  radiator,  operating  either  In  a con- 
tinuous or  pulsed  mode  with  specified  velocity 
boundary  conditions  between  the  transducer  and  the 
test  medium.  While  this  model  may  accurately 
represent  the  case  of  a transducer  radiating  Into 
a liquid.  It  Is  unlikely  to  do  so  for  a transducer 
coupled  to  a solid  test  medium.  The  1>tfer  Is 
usually  formulated  as  a traction J>ertindary  value 
problem  and,  as  pointed  out  In  a'  forthcoming  review 
article,^  aspects  of  this  problem  remain  to  be 
solved. 

As  reviewed  In  detail  by  Sachse  and  Hsu^,  the 
sound  field  of  a transducer  radiating  Into  a liquid 
can  be  easily  measured  with  microprobing  transducers, 
spherical  reflectors  and  optical  methods.  Including 
Interferometric  and  schlleren  techniques.  Most 
often  measured  are  the  transducer's  beam  or 
directivity  patterns.  Its  sound  field  amplitudes 
and  Intensities.  The  latter,  when  measured  over  a 
planar  region  of  the  sound  field,  can  be  used  to 
reconstruct  the  transducer's  sound  field  at  any 
point  In  Its  near-  or  far-fleld. 

In  contrast,  measurements  of  the  sound  field 
of  a transducer  coupled  to  a solid  can  only  be 
made  by  Indirect  means.  With  particular  specimen 
geometries,  capacitive  or  electomagnetic  trans- 
ducers can  be  used  to  map  out  portions  of  a 


piezoelectric  transducer's  radiation  field.  Most 
often,  however,  optical  techniques  are  used.  These 
Include  Interferometric,  optical  probing,  schlleren 
and  photoelastic  techniques. 

The  Implications  of  the  foregoing  are  that 
since  the  sound  field  of  a transducer  radiating 
Into  a liquid  can  be  computed,  a comparison  can  be 
made  between  the  computed  and  the  measured  sound 
fields  and  any  disagreement  between  them  can  be 
used  to  Indicate  an  anomalous  behavior  In  the 
operation  of  the  transducer.  In  contrast,  since 
the  analysis  of  a transducer  coupled  to  a solid  Is 
Incomplete,  assessment  of  the  performance  of  the 
transducer  cannot  be  made  reliably.  This  under- 
scores the  usefulness  of  field  visualization 
measurements  for  these  situations. 

Our  choice  of  using  a photoelastic  technique 
was  based  on  Its  simplicity.  Its  use  of  non-crltical 
specimen  geometries  and  materials  (as  long  as  they 
are  transparent)  and  Its  potential  for  allowing 
absolute  determination  of  various  sound  field 
quantities . 

Interest  In  photoelastic  techniques  for  visual- 
izing ultrasonic  fields  In  solids  has  recently  re- 
developed. The  first  application  of  the  technique 
appears  to  have  been  made  by  Hledeman  and  Hoesch’ 
to  visualize  the  stress  field  near  a quartz  trans- 
ducer radiating  Into  a glass  block.  The  basis  of 
the  technique  Is  that  the  light  birefringence  In- 
duced by  transverse  and  longitudinal  ultrasonic 
waves  can  be  related  to  the  refraction  ellipsoid 
of  the  solid.  Consequently,  linearly  polarized 
light  emerges  elllptically  polarized  when  It  passes 
through  a region  where  an  ultrasonic  wave  Is  pro- 
pagating. Thus,  such  waves  can  be  made  visible 
with  ordinary  photoelastic  techniques.  The  sound 
fields  associated  with  longitudinal  and  shear  waves 
can  be  studied  simultaneously  or  separately.  For 
optimal  visualization  of  longitudinal  waves,  the 
polarization  of  the  Incident  light  should  be  45” 
to  the  sound  propagation  direction.  For  shear 
waves,  the  direction  of  light  polarization  and 
sound  propagation  should  be  parallel.  Shear  waves 
whose  particle  displacements  are  parallel  to  the 
axis  of  the  polarlscope  cannot  be  visualized. 
Application  of  the  technique  has  been  made  to  the 
visualization  of  the  sound  fields  produced  by 
various  transducers  and  their  Interaction  with 
various  specimen  geometries.  Review  of  this  past 
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work  Is  In  References  2 and  4. 

While  there  Is  nothing  new  rrgardlng  the 
application  of  the  technique  In  this  report,  there 
are  Important  differences  with  past  work.  In  this 
report,  a comparison  between  broadband,  narrowband 
and  continuous-wave  excitation  of  a transducer 
coupled  to  a solid  Is  explored,  the  temporal  and 
field  development  of  the  radiated  wave  field  Is 
studied  and  transducer  site  and  frequency  effects 
are  described.  As  In  some  of  the  recent 
publications,  the  Intereactlon  of  sound  fields  with 
artificially-produced.  Isolated  scattering 
obstacles  Is  also  visualized. 

TECHNIQUE 

The  apparatus  used  In  our  visualization  experi- 
ments Is  equivalent  to  that  used  by  Wyatt’  and 
Hall*  and  Is  shown  In  Fig.  1 It  differs  from 
theirs  principally  In  cost.  The  Items  associated 


Fig.  1 


with  the  visualization  system.  Including  Its  delay 
generator  and  light  source,  total  less  than  $500. 
Secondly,  while  a commercially  available  narrowband 
flaw  detector  has  been  used  In  some  of  the  measure- 
ments, other  ultrasonic  sources  were  also  used. 

One  was  a high  amplitude  (-1500  volt,  40  nsec) 
broadband  pulser  which  was  constructed  with  a 
thyratron- based  circuit.  For  the  continuous-wave 
excitation,  an  amplitude-modulated  function 
generator  was  used  to  obtain  long  r.f.  bursts  which 
were  amplified  with  a 20  watt  r.f.  power  amplifier. 
Tuned  and  broadband  piezoelectric  transducers  of 
various  sizes  and  frequency  characteristics  were 
coupled  to  blocks  of  glass  or  fused  silica.  The 
specimens  were  generally  much  larger  than  those  used 
by  previous  Investigators  to  allow  the  visualization 
of  the  long-duration  r.f.  bursts  without  Inter- 
ference of  side-wall  reflections.  Critical  In  the 
visualization  Is  a Jitter-free  light  source  which 
can  be  delay-triggered  In  synchronization  with  the 
ultrasonic  pulse.  The  irc  used  for  this  purpose 
was  a thyratron-based  device  reproduced  from  Wyatt’. 
The  repetition  rate  of  the  experiments  ranged  from 
20  to  200  Hz,  allowing  1 sec  exposures  on  ASA  200 
film. 


RESULTS 


The  propagation  of  a broadband  ultrasonic  pulse 
In  fused  silica  resulting  from  a 12.7  mm  diameter 
transducer  Is  shown  In  Figs.  2(a)  -(f)  . The  Illu- 
minating arc  was  triggered  at  various  times  relative 
to  the  excitation  pulse  as  shown.  It  Is  clear  that 
even  Initially  the  transducer  generates  not  only 
plane  waves,  but  also  spherical  waves  In  the  solid. 


The  secondary  pulses  Include  waves  propagating  with 
the  bulk  longitudinal  and  shear  wave  speeds  and  they 
appear  to  originate  from  the  edge  of  the  transducer. 

In  the  sound  field  of  a transducer  radiating  Into  a 
liquid  there  Is  the  obvious  absence  of  the  shear 
wavefront.  The  other  pictures  show  that  a pulse, 
after  one  reflection  from  a planar  surface  has  a 
wavefront  which  appears  to  be  spherical  and  there  Is 
some  spreading  of  the  pulse  evident  ( Fig.  2(e)  ). 
After  a second  reflection  (Fig.  2(f)  ),  there  Is 
additional  spreading  and  the  sound  field  has  become 
quite  complex  as  a result  of  the  reflection  and  mode 
conversion  of  the  secondary  pulses  comprising  the 
sound  field.  A schematic  drawing  of  the  visualized 
sound  field  prior  to  the  occurrence  of  any 
reflections  from  the  boundaries  of  the  specimen  Is 
shown  In  Fig.  3. 

Visualization  of  the  entire  sound  field  of  a 
transducer  appears  to  be  most  easily  obtained  by 
using  long-duration  r.f.  bursts  to  excite  the 
transducer.  Figure  4 shows  the  sound  field  of  broad- 
band transducer,  6.35  mm  In  diameter,  under  a 2 NHz 
long-duration  burst  excitation.  The  transducer's 
near-to-far-fleld  transition  region  can  be  Identified. 
The  sound  field  of  a 6.35  mm  diameter  broadband 
transducer  with  long-duration  r.f.  burst  excitation 
of  500  kHz  and  4 HHz  center  frequency  Is  shown, 
respectively  In  Figs.  5(a)  and  (b)  . Clearly 

evident  Is  the  spherical  nature  of  the  sound  field 
at  the  higher  frequency.  The  effect  of  transducer 
size  Is  shown  In  Figs.  6(a)  and  (b)  In  which  the 
excitation  was  an  Identical  1 MHz  r.f.  burst,  but 
(a)  and  (b)  are  respectively  the  sound  field  of  a 
6.35  urn  and  a 25.4  tim  diameter  transducer.  Finally, 
Fig.  7 shows  a comparison  of  the  sound  fields 
produced  by  24*  angle  beam  transducers  under  broad- 
band, narrowband  and  long-duration  r.f,  burst 
excitation.  Both  the  longitudinal  and  the  shear 
wave  sound  fields  are  visible.  The  expected  wave 
propagation  directions  are  shown  In  (a),  while  (b) 
and  (c)  show  the  sound  field  generated  by  a broad- 
band and  a narrowband  transducer  under  shock  exci- 
tation. In  (d)  the  narrowband  transducer  Is  excited 
with  a 3.2  MHz,  12  usee  long  r.f.  burst. 

The  photoelastic  visualization  technique  was 
used  to  Investigate  the  effectiveness  of  the  trans- 
ducer coupling  to  the  test  medium.  One  example  of 
the  results  observed  Is  shown  In  Fig.  8 . In  this 
case,  a small  air  bubble  was  trapped  In  the  coupling 
layer.  In  the  resulting  field,  the  planar  wavefront 
In  the  central  region  of  the  sound  field  was  too  low 
In  amplitude  to  visible  photoelastical ly  even  though 
the  two  sets  of  spherical  waves  emanating  from  the 
edge  of  the  transducer  are  still  present.  Such 
phenomena  are  clearly  distinct  from  the  sound  fields 
present  when  transducers  are  radiating  Into  liquids. 

The  use  of  known  scattering  obstacles  In  a test 
block  for  which  the  scattered  sound  field  can  be  com- 
puted so  as  to  be  useful  for  the  calibration  of 
ultrasonic  transducers  Is  often  suggested  as  the 
basis  of  an  acceptable  calibration  technique.  The 
visualization  of  the  sound  field  scattered  by  a 1 mm 
diameter  cylindrical  side-drilled  hole  In  glass  Is 
shown  In  Fig.  9 Other  scattering  obstacles,  such 
as  crack-like  slots,  have  also  been  studied.  In 
each  case,  the  complexities  of  the  scatterea  sound 
field  resulting  from  mode  conversion  and  diffraction 
effects  are  apparent  and  thus  must  be  accounted  for 
when  considering  any  obstacle  as  the  basis  of  a 
transducer  calibration  block. 
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(a)  3.5  nsec 


(c)  9.5  nsec 


Photoelastic  visualization  of  a broadband  ultrasonic  pulse  at  various  locations 
In  a large  fused  silica  block. 


HWOADtIANn  TRANSDUCE  R 


Acoustic  field  In  fused  silica 
of  a 6.35  mm  dia.  transducer 
excited  at  2 MHz. 


Wavefronts  appearing  In 
Figure  2{c) 


MM 


AiOustic  field  tn  fu^ed  silica  of  .1  fr . 35  miti  did.  transducer  with  long-dural  ion  r 
burst  excitation,  (a)  500  liHt,  (b)  4 MHj  . 


• isuaiwjlion  of  tnr  etfeil  of  Iransduier  site  on  tlie  radiated  field.  1 MHt  long 
duration  hurst  excitation,  (a)  b.35  nun  dia.;  (b)  d5.4  inn  dia. 


S - WAVE 


P - WAVE 


Sound  field  of  a ?4"  angle  beam  transducer  coupled  to  a glass  block,  (a)  Expected  shear 
and  longitudinal  wave  propagation  directions;  (b)  Broadband  pulse;  (c)  Narrowband  pulse 
and  (d)  3.?  MHt,  12  psec  long  burst,  (b)  and  (c)  different  transducers,  same  source; 

(c)  and  (d)  same  transducer,  different  sources. 


RtrERtNCES 


Fig.  8 Sound  field  of  « transducer 
operating  through  a bad  bond. 
(Air  bubbles  in  coupling  layer) 


^ Scattering  by  a 1 nan  side-drilled  hole. 


CONCLUSIONS 

The  effectiveness  of  the  photoeiastic  technique 
to  visualize  various  transducer-produced  sound 
fields  in  transparent  solids  has  been  shown.  The 
technique,  which  is  simple  to  use.  has  been  applied 
to  observe  features  of  transducer  sound  fields  in 
solids  which  differ  from  those  of  a transducer 
radiating  into  a liquid.  While  only  qualitative 
results  have  been  siwwn  here,  it  is  possible  to 
quantify  the  technique.  Recent  advances  in  signal 
processing  may  play  a role  in  the  analysis  of 
photoelasticai 1y  obtained  transducer  field  patterns. 
By  digitizing  the  field  either  directly  from  the 
polariscope  or  from  films,  the  image  of  the  field 
can  be  processed  to  yield  the  absolute  principal 
stress  differences  associated  with  a transducer's 
sound  field. 
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FREQUtNCY  DEPENDENCE  OF  ULTRASONIC  NAVE  SCATTERING  FROM  CRACW 
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ABSTRACT 

Studits  of  jpoctril  inalyil*  of  th*  scattortd  longitudinal  and  shoar  wavts  from  cracL-llk#  flaws  In 
solids  wtra  carriod  out  In  th#  reolon  of  ka  > 1.  E*p#r1i»ental  data  ar#  analyzed  and  conpared  to  two  new 
theories  developed  recently  for  elastic  wave~d1ffract1on  frow  cracks.  These  theories  relate  the  anrlltude 
Wctra  of  scattered  L and  S waves  to  crack  paraawters  such  as  size,  orientation,  surface  roughness,  etc. 
(><  tlie  development  of  the  Interpretation  obtained  from  phase  spectral  Information  the  scattered  phase  from 
spherical  cavities  was  calculated  from  exact  theory  and  compart  to  experimental  data. 


THEORY 

The  scattering  (diffraction)  of  ultrasonic 
waves  from  circular  cracks  In  metals  was  analyzed 
based  on  two  approximate  diffraction  theories. 

(1)  Developed  by  Adler  et  a1.:^  This  theory  works 
for  normal  Incidence.  It  Is  based  on  modifying 
Heller's  geometrical  theory  of  diffraction^  for  the 
elastic  wave  problem  (modified  Keller).  The 
diffraction  coefficients  for  the  diffracted  shear 
and  longitudinal  Mves  are  calculated  by  using  the 
solutions  of  Maue^  for  the  diffraction  of  waves  by 
samMnfInIte  plane.  For  a circular  crack  with 
radius  a (Fig.  1)  the  diffracted  L field  at  a point 
Is  given  by  equations  (Fig.  2).  Similar  expressions 
may  be  obtained  for  the  scattered  shear  waves. 

Fig.  3 and  Fig.  4 are  calculated  L and  S diffracted 
field  amolltude  as  a function  of  frequency. 

(2)  Developed  by  Achenbach  et  al.:*  The  so-called 
elastic  dynamic  theory  (described  In  detail  by 
Achenbach  In  this  report). 

EXPERIMENT 

The  normally  Incident  L wave  diffracted  by  a 
circular  crack  of  2500u  radius  Is  analyzed  by  both 
an  analog  and  digital  spectrum  analyzer  system 
(Fig.  5).  The  various  Incident  and  scattered  waves 
are  Illustrated  by  a "time  mapping"  scheme  (Fig.  6), 
Capability  of  the  signal  processing  system  Is  sh^ 
on  Fig.  7 by  the  transfer  function.  Correction  of 
the  data  has  to  be  made  because  the  spectra  through 
the  liquid-solid  Interface  changes  with  angle.  This 
Is  demonstrated  by  rotating  the  sample  and  record- 
Ino  the  transmitted  spectra  for  different  angles  of 
orientation  (Figs.  8,  9,  10,  11). 

RESULTS 

Typical  scattered  L and  S data  from  the  2SOOti 
crack  are  shown  on  Figs.  12  and  13.  In  addition  to 
the  RF, the  amplitude  and  phase  spectra  are  shown. 

The  aawunt  of  L and  S Mve  produced  at  various 
angles  at  the  cavity  Is  shown  on  Fig.  14.  Fig.  12 
Is  corrected  by  the  transmission  spectra  given  by 
Fig.  11  and  compared  to  both  theories  (Fig.  15) 
favorably.  The  shear  data  clearly  differs  from  the 
theoretical  prediction  given  on  Fig.  4.  The  sur- 
face ray  contribution— predicted  by  Achenbach's 
theory— may  explain  the  origin  of  such  Irregulari- 
ties. The  radiograph  on  Fig.  16  gives  the  side 
view  of  a circular  crack  Inside  the  titanium.  The 
diffusion  process  Introduces  a small  bending  on  the 


top  surface  of  the  crack.  No  significant  difference 
was  observed  In  the  spectra  by  turning  the  sample 
around  (Fig.  17).  This  confirms  th#  prediction  of 
the  ray  theory.  I.e.,  rays  originating  at  sharp 
comers. 

PHASt  SPLCTROSCOFY 

Since  digital  spectrum  analysis  gives  phase 
Information,  the  possibility  of  using  phase 
spectroscopy  (In  addition  to  amplitude  spectroscopy) 
to  characterize  defects  Is  also  studied.  Calcu- 
lations for  scattered  L waves  from  spherical 
cavities  In  titanium  based  on  exact  theory  of  Ylng 
and  TruellS  shows  that  tY>e  scattered  phase  spectra 
Is  size  dependent.  There  Is  also  angular  depend- 
ence. See  Figs.  18,  19,  20.  Experimental  results 
compare  reasonably  well  with  theory— shown  on 
Fig.  21— to  assume  that  phase  spectroscopy  coupled 
with  amplitude  spectroscopy  can  be  developed  to  be 
a powerful  tool  of  flaw  characterization. 
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Fig.  2.  Expressions  for  the  diffracted  aagilltude 
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Fig.  3 a 4.  Calculated  amplitude 
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Fig.  S.  txparlawntal  system  for  analog  and  digital 
spectrum  analysis 
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Fig.  7.  Transducer  transfer  function 
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I Fig.  8.  txperlmental  system  to  measure  transmitted  spectra  througfi  titanium  sample 
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Experimental  Results — Raw  Data 
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Mg.  12.  Longitudinal  wave 
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Fig.  13.  Snear  wave 
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Fig.  14.  Incident  L wave  scattered  from  a penny 

shaped  crack  of  2500ii  radius  in  titanium 
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Comparison  of  Experimonul  OtU  to  Modified  Kelier  Theory  (by  Adler  et  «1.) 
in.;  *0  Elastodynimic  Theory  (by  Achenbach  et  al.) 


fiS.  15.  Scattered  longitudinal  wave  from  a ZSOOu 
radius  crack  in  titanium,  scattering  angle 
is  60”.  ^ 
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Slight  Curvature  on  the  Crack  Hill  Not  Affect  Significantly  the 
Diffracted  Amplitude  Spectra 


Fig.  16.  Side  view  radiography  of  the  defect 


Phase  Spectroscopy  for  Flaw  Characterization 

Exact  Theory  of  Elastic  Wave  Scattering  by  Spherical  Cavity  in  Titanium  Relates  Phase  Spectra  to  Cavity 
Size. 


Fig.  18 


Fig.  19 

— — Experimental 
— Theoretical 
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Fig.  i:l.  Phase  behavior  for  a 180°  scattered  L 
wave  from  a AOOu  radius  spherical 
cavity  in  titanium 
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FLAW  CHARACTEKIZATION  Br  LOW  FHEgUENCr  SCATTERING  MEASUREMENTS 
R.  K.  Eisley 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 

ABSTRACT 

In  order  to  make  a fracture  mechanical  prediction  of  the  remaining  lifetime  of  a part,  it  is  necessary 
to  know  the  overall  size,  shape  and  orientation  of  the  flaws  in  the  part.  This  paper  describes  the  deter- 
mination of  these  flaw  characteristics  from  measurements  of  the  scattering  of  low  frequency  (long  wave- 
length) ultrasound  from  the  flaw.  Experimental  results  are  excellent. 


I 


The  goal  of  this  work  is  to  determine  fracture 
related  parameters  from  low  frequency  ultrasonic 
measurements.  Figure  1 outlines  this  goal.  The 
measurements  (Fig.  2)  were  made  on  manufactured 
ellipsoidal  flaws  in  Ti-6A1-4V;  scattered 
waveforms  were  recorded  and  digitally  processed. 

A pulse  of  low  frequency  (long  wavelength) 
ultrasound  is  physically  long  and  therefore 
provides  fxior  resolution  of  nearby  scatterers 
(Fig.  3).  To  achieve  good  resolutions,  a short 
broadband  pulse  of  high  frequency  (6  MHz) 
ultrasound  was  used.  Low  frequency  data  was 
obtained  from  the  low  frequency  canponents  of  this 


DIRECT  MEASUREMENT  OF  STRESS  INTENSITY  FACTORS 


ACHIEVING  A FRACTURE  ME CHANICS  BASE D STRUCTURAL  DFSH'.N  PRLMLRAM 
REQUIRES  THAT  FI  AWSBE  DETECTED  AND  SIZED  WITH  THE  G ITATEST  POSSIBI  E 
RELIABILITY  AS  THE  ACCURACY  DF  THIS  EL  AW  SIZING  INCF*.  AST  '.SYSTEM 
COSTS  ARE  REDUCED  BY  PREVENTING  THROWAWAY  OE  GOO  ) PART. 

AN  IMPORTANT  STEP  TOWARD  THIS  GOAL  IS  THE  DIRECT  MEASUREMENT  OF  THE 
STRESS  INTENSITY  FACTOR  OF  A FLAW  THIS  PAPER  DESCRIBE S THE  MEASUREMENT 
OFFLAWSEZE  SHAPE  ORIENTATION  AND  THEREBY  STRESS  INTE  NSI TY  E ACTUM 
USING  THE  TECHNIQUE  OF  LE>W  FREQUENCY  SCATTERING  IN  THEORETICAL  PAPERS 
RICHARDSON  HAS  PRESENTED  THE  TECHNIQUE  FOR  DE  TEHMINlNG  Fl  AW  PARAMT  TE  MS 
AND  RICE  HAS  DESCRIBED  FOR  ELLIPTICAL  CRACKS  THE  SUBSEQUENT  DE  TE  RMlNA 
TION  OF  THE  MAXIMUM  STRESS  INTENSITY  FACTOR 

THl  ADVANT  AGiSOE  USITLG  LOW  FREQUENCY  ELONG  WAVE  LENGTHE  ULTRASLELINO 
FOR  THESE  ME  ASUREMENTS  ARE 

E AN  EXACT  THEORY  IS  AVAILABLE  TO  RELATE  FLAW  PRLEPFRTITS  TO  SCAT  TERED 
FEELDS 

Z the  measurements  are  sensitive  ONE  V TO  THE  OVERALL  PROPE  REELS  OF 
THE  FLAW  NOT  TO  SMALL  TEXTURAL  DETAILS 

3 ATTENUATION  AND  GRAIN  SCATTERING  ABE  LiSUALLY  SMALL  E R AT  E OW 
FREQUENCIES 

4 ONLY  ETNE  NLIMBER  NEEDS  TORE  MEASURED  FROM  EACH  UL  TRASOUND  WAVE  FORM 

THE  CHIEF  OISADVANTACESOF  THIS  TECHNIQUE  ARE  THE  LARGE  VOLUME  OCCUPIED 
BY  A LONG  WAVELENGTH  PULSE  THE  SMALL  AEEPLITUDE  OF  LOW  FREOLIENCV 
SCATTERIEFG  AND  THE  DIF F RACTION  OF  LOW  FREQUENCY  SOLINDOUT  OF  A WE  L L 
COILIMATEOBEAM  THIS  PAPE  R PRE  SFNTS  THE  FXPERIMENTAI  TE  CHNIUIIE  S DE  VE  L OPE  D 
TOOVFRCEFME  THESE  PROBLEMS  IN  THE  FIRST  OE  MONSTRATlON  OF  T H<  APPROACH 


Fig.  1 The  goal  is  to  determine  fracture  related 
paraneters  from  low  frequency  ultrasonic 
measurements. 


pulse.  Low  frequency  sound  diffracts  in  all 
directions  from  a transducer,  producing  unwanted 
sound  paths  in  pitch-catch  measurements 
(Fig.  4).  To  overcome  this,  a waveform  recorded 
in  a flaw  free  region  can  be  substracted 
(Fig,  5).  After  frequency  analysis  and  removal  of 
the  properties  of  the  transducer,  the  lowest  order 
coefficient  A2  (proportional  to  frequency  squared) 
of  the  frequency  spectrum  is  determined.  The  set 
of  A^  coefficients  from  a number  of  directions  are 
combined  with  theory  to  estimate  flaw  parameters 
(Fig.  6).  Figure  7 shows  the  results.  The 
estimated  flaw  paraneters  agree  very  well  with  the 
true  values. 


MEASUREMENTS 


MEASUREMENTS  WERE  PERFORMED  USING  A CONVENTIONAL 
TRANSDUCER  AND  ULTRASONIC  PULSER.  THE  FLAWS  ARE  SMALL 
VOIDS  IN  THE  FORM  OF  ELLIPSOIDS  OF  REVOLUTION,  BUILT  IN  THE 
CENTER  OF  SPHERES  OF  Ti  *AI  4V 

THE  R F WAVEFORMS  (PULSE  ECHO  OH  PITCHCATCH)  ARE  DIGITIZED 
AND  then  PROCESSED  IN  A MINICOMPUTER 


Fig.  2 Measuraiients  were  made  on  manufactured 

ellipsoidal  flaws  in  Ti-6A1-4V;  scattered 
waveforms  were  recorded  and  digitally 
processed. 
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Fig.  3 To  achieve  good  resolutions,  a short 

hrojilhjnd  pulse  of  hlyh  trenuency  (S  MMi) 
ultrjsound  w.is  used,  low  frequency  data 
was  obtained  from  the  low  frequency 
coni|K)nents  of  this  pulse. 
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Mq.  4 low  frequency  sound  diffracts  In  all 

directions  from  a transducer,  produclnq 
unw,inte»l  sound  paths  In  pitch-catch 
measurtwents. 
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Fig.  S After  correcting  for  bdckgroiinil  jnil 
trdnsilucer  effects,  the  lowst  order 
coefficient  A.  (proport  loiidl  to  freguency 
squdred)  of  the  frequency  siiectrum  Is 
determined. 


ESTIMATE  \ 
COEFFICIENT 
cOF  f2  > 


OETERRININti  FLAW  PARAMEIERS 
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SITE.  SHAPE  AND  ORIENTATION 


The  set  of  Aj  coefficients  from  « number 
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CALCULATION  OF  SCATTERING  BY  THE  DISTORTED  WAVE  BORN  APPROXIMATION 


Kathle  E.  Newnun  and  Eytan  Domany 
Department  of  Physics,  University  of  Washington 
Seattle,  Wa  9619S 


ABSTRACT 


An  approximate  scattering  theory  that  utilizes  the  exact  solutions  for  spherical  defects  Is  being 
vieveloped.  A defect  of  arbitrary  shape  can  be  represented  by  a sphere  S and  a remainder  volume  dv.  By 
treating  ,Sv  as  a perturbation,  one  obtains  an  approximate  solution  that  contains  non-trivial  freguency 
dependence  and  phase  Information.  The  approach  is  expected  to  be  useful  for  studying  defects  with  small 
hut  significant  deviations  (such  as  sharp  edges)  from  spherical  shape. 


INTROOUCTION 

The  basic  problem  of  defect  characterization 
by  ultrasonic  technigues  has  received  considerable 
attention  in  recent  years.  Two  different  but  com- 
plimentary aspects  of  the  problem  have  been  ap- 
proached. These  are  known  as  the  direct  and  in- 
verse problems.  The  direct  problem  is  that  of  cal- 
culating the  scattering  of  elastic  waves  from  a 
known  defect.  The  inverse  problem  Is  that  of 
characterizing  an  unknown  defect  from  a set  of 
measured  scattered  waves  Obviously,  these  two 
are  closely  related.  Solutions  of  either  provide 
clues  as  to  what  measurements  to  perform  and 
which  features  of  the  scattered  power  would  be  the 
most  useful  for  defect  characterization. 

Due  to  the  considerable  mathematical  complex- 
ity Inherent  in  solving  for  elastic  wave  scatter- 
ing, exact  solutions  are  available  for  only  a 
small  number  of  scatterer  geometries.  This  has 
led  to  the  development  of  approximate  solutions 
such  as  the  Born  Approximation'  (BA)  and  the 
Quasi  Static  Approximation’  (QSA).  The  BA  is 
useful  for  obtaining  information  on  the  angular 
distribution  of  freguency  averaged  power. 3 How- 
ever, it  is  known’  to  yield  quite  unreliable 
freguency  dependence  for  the  scattered  power.  The 
QSA  is  exact  In  the  long  wavelength  limit;  recent- 
ly suggested  inversion  procedures  based  on  the 
frequency  dependence  (extrapolated  to  low  fre- 
guencies)  show  great  promlse^*^.  The  QSA  is  un- 
fortunately limited  to  ellipsoidal  scatterers, 
for  which  exact  solutions  based  on  T-matrix  ex- 
pansion methods  also  exist”.  Neither  thr  BA  nor 
the  QSA  are  capable  of  calculating  phase  Infor- 
mation. 

In  the  Investigation  reported  here  we  aim  at 
filling  various  gaps  in  the  existing  approximate 
solutions.  We  hope  to  obtain  an  approximation 
scheme  that  will  provide  non  trivial  phase  Inf orj^ 
mation  and  more  reliable  frequency  dependence  over 
a wider  range  of  freguencies.  At  the  same  time  we 
aim  at  obtaining  Information  about  non  elliptical 
defects. 

The  motivation  is  gulte  obvious  Past  ex- 
perience indicates  that  the  freguency  dependence 
Is  very  useful  In  defect  characterization^*' 
Freguency  dependence  is  also  a much  more  flexible 
experimental  tool  than  the  study  of  angular  distri- 
bution, since  a wide  range  of  frequencies  can  be 


studied  in  a single  (broad  band)  experiment.  We 
believe  that  an  efficient  inversion  procedure  will 
have  to  build  from  reliable  freguency  information. 
Reliable  freguency  dependence  of  phase  information^ 
should  be  also  incorporated  into  an  inversion  pro- 
cedure. Finally,  since  present  models  of  inversion 
rely  on  representing  a general  defect  by  an  effec- 
tive ellipsoid,  we  feel  that  a generalization  of 
the  direct  problem  to  non-el llpsoldal  shapes  Is  Im- 
portant. We  hope  to  Investigate  the  effects  of 
sharp  edges  and  surface  roughness,  topics  that  may 
be  most  relevant  In  the  NOE  context. 

THE  OISTORTED.  WAVE  BORN  APPROJIJ.HATION 

The  OWBA  Is  based  on  a perturbative  solution  of 
the  scattering  eguatlon,  much  In  the  same  way  as  the 
Born  Approximation.  However,  while  In  the  BA  the 
unperturbed  problem  (or  zeroth  order  solution)  Is 
the  Incident  wave^  (propagating  In  a homogeneous 
medium  with  no  defect),  the  OWBA  uses  the  solutions 
of  the  scattering  problem  for  a spherical  defect'" 
as  the  unperturbed  zeroth  order  approximation. 

Thus,  while  the  BA  Is  exact  only  In  the  limit  of 
vanishing  difference  between  the  properties  of 
medium  and  defect,  the  OWBA  has  an  additional 
"small  parameter",  I.e.  a measure  of  the  deviation 
of  the  defect  from  spherical.  As  shown  below.  In 
order  to  calculate  the  scattered  wave  within  the 
OWBA,  one  needs  the  Green's  function,  g*,  of  an 
infinite  medium  with  a spherical  defect.  When  g^ 

Is  approximated  by  the  Infinite  medium  Green's  func- 
tion g°,  we  obtain  an  approximation  expected  to  be 
of  Intermediate  quality  betiveen  BA  and  OWBA.  In 
this  paper  we  present  results  based  on  the  Inter- 
mediate approximation.  Work  aimed  at  evaluating  g^ 
Is  In  progress;  when  g^  is  obtained,  we  hope  to  use 
It  In  the  existing  Integration  routines,  thus  ob- 
taining the  OWBA. 

To  present  a precise  statement  of  the  Ideas 
discussed  above,  consider  the  differential  equation 
for  the  propagation  of  elastic  waves  In  a medium, 
characterized  by  the  (position  dependent)  elastic 
constants  C^jid  and  density  p,  given  by 

‘^Ijkl''k,j'l  " “1  ■ ° 

where  u^  Is  the  displacement  field  and  ui  the  fre- 
quency. Consider  the  geometry  depicted  In  Fig.  1, 

I .e. , 

hub 


c(r)  ■ c®  ♦ ep(rj«c 

(>(r)  • p®  ♦ 8|,(r)«p  (?) 

where  9(r)  • 1 If  rcR.  end  zero  otherwise.  The 
defect  R Is  sepereted  Into  two  regions:  « sphericel 
one  (S)  and  a remainder  R,  such  that  R • S ♦ R. 

Then  one  can  define  9$(r)  and  ^(r)  In  a similar 
way,  so  that  (see  fig.  1) 

9p(r)  ■ 0j(R)  ♦ t>u{r)  . (3) 


and  9?_(r.r')  Is  the  Green's  function  In  the 
presence  of  a spherical  defect,  I.e., 


(9) 


Note  that  In  equation  (7) 


J 


(10) 


R = S+  R 


Fig.  1 The  defect  R Is  represented  as  a sphere 
S and  A "remainder"  volume  R. 

We  can  now  consider  as  our  unperturbed  problem  the 
case  where  only  the  spherical  defect  S Is  present. 
To  do  this,  define 

C^(r)  ■ C®  ♦ 03(r)  SC 

P^(r)  • p®  ♦ 0j(r)  do  , (4) 

and  we  can  obviously  write 
C(r)  • C^(r)  ♦ 0jj(r)  5C 

p(r)  ■ p^(r)  ♦ l>^(r)  . (5) 

Using  now  (5)  In  (1),  the  scattering  equation  takes 
the  form 

‘^1Jkl“k,Jl  ^ ■ -**R  F'^ijkl“k,jl  (6) 


and  that  since  and  p^  are  not  translation- 

ally  Invariant,  g§.(r,r')  Is  not  a function  of 
r-r'  only.  The  '^dWBA  consists  of  replacing 
u,(r')  In  the  Integrands  on  the  right  hand  side  of 
equation  (7)  by  u^(r'): 

u^P)  • u^(r)  ♦ / <lr'g^|^(r,r*  )u^(r' ) 

R 


- ^‘^jkim  I (ii) 

R 


To  evaluate  u,  , we  need  the  functions  u^  and  g^, 
and  perform  the  Integration  over  the  region  R 
numerically.  The  relative  corrections  to  the  Born 
approximation  are  of  order  RiC;  to  the  DWBA  of 
order  dCR/S.  This  means  that  we  Introduced  a geo- 
metrical "small  parameter",  namely  the  deviation  of 
the  defect  from  spherical.  We  also  hope  to  deter- 
mine the  "optimal  sphere"  to  be  used  for  treatment 
of  various  defects.  Since  the  function  g*  has  not 
been  calculated  previously,  we  start  by  setting  up 
an  Intermediate  approximation,  replacing  g’  In 
equation  (11)  by  the  Infinite  medium  Green's  func- 
tion 0®.  Since  9^  satisfies  an  equation  of  the 
form  (schematic) 

9*  - 9®  ♦ / JCg°g^ 

S 

the  error  caused  by  replacing  g^  by  g®  In  (11)  Is 
of  order  RdC-SdC.  This  Intermediate  approximation 
Is  given  by 


If  the  right  hand  side  vanishes,  the  solutions  of 
this  equation  are  the  scattered  waves  by  a spheri- 
cal defect,  obtained  previously  by  various  Investi- 
gators . These  solutions  have  been  progranmed  and 
are  readily  evaluated  numerically.  Proceeding  In 
a similar  fashion  as  Gubernatls  et  al.^,  we  obtain 
the  Integral  equation 

“i(r)  • uj(r)  ♦ / <lr'9^jr,r')ujr') 

R 

- *‘^Jk1m/®t*9^j.k.(r,r')u,  „.(r')^  (7) 

**h^*^®  Ux(r)  is  thf  solution  of  th«  sctttcrinQ  prob- 
lem witft  a spherical  defect  only^  ^ ^ 

‘^Ukl“k.Jl  ♦ “*^“1  • 0 . (8) 


u}  • u^  ♦ «pu^  / dr'g°^(r- r')u^(r') 

R 

" I <l!:'9?j.„^*:-l’)u^^„.(r')  (1?) 

R 

(where  we  used  g®„  j.  • - g®^  j). 

To  calculate  the  scattered  power  and  phase, 
the  observation  point  r Is  taken  to  Infinity. 

Asymptotic  forms  for  u|(r)  are  found  for  the  spher- 

C ' 

leal  solution  u^(r)  (outside  the  Integral  only) 

and.  In  a manner  similar  to  Gubernatls  et  al.®)  for 
the  Green's  function.  In  the  limit  r -•  • , the 
scattered  wave  ran  be  written 
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, SMtt.  .lar  . I6r  _ 
“i  ^ ♦ S “l 


(13) 


(14) 


(15) 


and 


^<(J')  • — (6pu)'^  / dV'u^(r')exp  (-1k-r') 


4vp(j 


* ’'‘^J  '^^IJkl  ^ 'lV'u^^^,(r*)exp  { - 1k-r'  )).  (16) 


For  an  Incident  longitudinal  plane  wave  ze^°^. 

and  are  calculated  from  the  solution  to  the 

' ’ 10 
spherical  problem 


aJ  • - ia  E (2m  + 1)  A*  P„(cos0) 

I _ mm 


s • dP  (cose) 

B^.ia  E(2m.l)B„  — 


where  A ,B  are  defined  by  lohnson-Truell 

ffi  m 


(17) 
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The  longitudinal  and  shear  differential  cross 
sections  are  defined  in  the  same  way  as  Gubernatis 
et  a 1.9 


<lP,(a))  P 

• I*,!  . 


dPj(u)) 

dO 


|B^I^ 


(18) 


The  phase  angles  6^  and  4^  are  defined  from 


tan  4. 


ImA^ 

ReAj 


tan  4» 


ImB^ 


(19) 


where  a.B  are  the  longitudinal  and  shear  wave 
nuaibers  respectively.  A.  and  B^  can  be  broken 
into  a piece  from  the  integral  ind  a piece  from  the 
spherical  solution. 

Ai  A,  ♦ A^ 

®i  * ®1  * “i"* 

where  aI”*  and  b|"*  are  given  in  general  by 


The  results  summarized  in  the  following  section  are 
based  on  equations  (18)  and  (19). 

RESULTS 

Prior  to  using  the  method  we  performed  various 
checks.  First  we  checked  the  accuracy  of  our  nu- 
merical integration  procedure.!'  To  do  this,  we  made 
use  of  the  integral  equation  for  an  elastic  wave 
scattered  off  a sphere  of  radius  a ; 

u^(r)  • u“(r)  -4pu)^  ^ dVg  °^(r.r' )u9(r' ) 

He  employ  the  notation  of  Johnson  and  Truell,  where 
the  total  displacement  wave  solution  is  given  by 

u9(r)  r < a 


Pi(r) 


(21) 


Uj(r)  + u^(r)  r > a 


In  the  limit  r , the  asymptotic  form  of  the 
integral  is  given  by 


r 


int  igr 


r 


(22) 


and  the  asymptotic  form  of  u.^ (r)  for  incident 
longitudinal  plane  wave  by  ' 


, S iar  . 

A.  e + 

r 


o S i Br 
B,  e_ 


(23) 


He  thus  can  numerically  compare  A^^  and  - A^^"^  and 

B.^  and  -bJ"^.  Note  that  this  comparison  checks 
both  numerical  integration  and  the  calculation  of 
the  expansion  coefficients  for  the  spherical  func- 
tion because  the  A^^,  B^^  use  the  expansion  out- 
side the  sphere  and  the  use  the  inside 

expansion.  He  were  able  to  reduce  our  numerical 
error  to  > It  by  choice  of  a sufficiently  fine  grid. 


As  a check  on  the  approximation  method  itself 
we  evaluated  the  scattering  by  a large  spherical 
defect,  using  a small  sphere  as  the  unperturbed 
problem.  He  considered  two  cases  with  incident 
longitudinal  wave  for  both. 

1 . Al  Flaw  in  Ti , with  a ratio  of  2 between  the 
radii  of  the  two  spheres.  For  example,  this 
amounts  to  calculating  the  scattering  by  a spher- 
ical defect  of  radius  AOOiu  using  the  solution  of 
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the  scattering  by  a defect  of  200u  as  our  zeroth 
order  approximation,  and  treating  the  voliane  d1f> 
ference  between  the  two  spheres  as  a perturbation. 
Note  that  the  volume  of  the  perturbation  defect  Is 
seven  times  the  unperturbed  defect  volumel 

Thus  the  results  presented  below  serve  as  a 
quite  strong  test  on  treatment  of  Urge  volume 
deviations  by  our  technique.  The  results  for 
scattered  power  and  phase  as  functions  of  ka.for  the 
backscattered  longitudinal  wave  are  presented  In 
Fig.  2,  and  for  the  mode  converted  shear  wave  (at 
90*)  on  Fig.  3. 


2.  Spherical  Cavity  In  T1  - Since  the  cavity  con- 
stltuted  a much  stronger  defect  than  an  aluminum 
Inclusion,  we  chose  to  Investigate  a situation 
where  radii  of  the  actual  defect  and  the  one  used 
as  zeroth  order  approximation  are  closer,  namely  a 
ratio  of  4/3.  Still,  this  corresponds  (see  Fig.  1 
to  R/S  • 1.37,  I.e.  we  still  deal  with  a rather 
large  perturbation.  The  results  for  backscattered 
longitudinal  and  the  mode  converted  shear  wave  at 
90*  are  shown  In  Figs.  4 and  5,  as  plotted  versus 
ka,  and  on  Fig.  6 and  7,  for  ka  • 2,  plotted  vs 
the  scattering  angle. 
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Fig.  4 Spherical  cavity  In  T1:  Longitudinal 
backscattered  wave,  power  and  phase 
versus  ka  for  a ratio  of  radii  of  4/3. 


Fig.  2 A1  sphere  In  Ti:  Longitudinal  back- 
scattered  wave,  power  and  phase  versus 
ka  for  a ratio  of  radii  of  2. 
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Fig.  3 A1  sphere  In  TI:  Mode  converted  shear 
wave  scattered  at  0 • 90°,  power  and 
phase  versus  ka  for  a ratio  of  radii  of  2. 
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Fig.  5 Spherical  cavity  In  TI;  Mode  converted 
shear  wave  scattered  at  0 * 90°,  power 
and  phase  versus  ka  for  a ratio  of  radii 
of  4/3. 
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Fig.  6 Spherical  cavity  in  Ti:  longitudinal  and 
mode  converted  shear  waves,  log  (power) 
versus  a for  ka  • ? and  ratio  or  radii  of 
4/3. 


3.  Non  el l^spidal  defects  - To  demonstrate  the 
appITcabi^Tty  oT  our  nieThod  for  non  ellipsoidal 
defects,  we  considered  backscattering  by  an  A1  in- 
clusion in  Ti,  of  the  shape  shown  in  Fig.  8.  Three 
directions  of  incidence  (of  longitudinal  waves) 
were  studied,  as  also  indicated  on  Fig.  8.  The 
results  for  scattered  longitudinal  and  shear  power 
and  phase  are  shown  in  comparison  with  that  of  a 
perfect  sphere  in  Figs.  9-10.  (No  shear  shown  for 
sphere  for  backscattered. ) 
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Fig.  8 Non-el  1 ipsoidal  defect  Three  directions 
of  incidence  of  the  longitudinal  wave. 
Defect  is  rotational ly  symnetric  about 
the  .1*0  axis. 


O 


Fig.  7 Spherical  cavity  in  Ti:  longitudinal  and  Fig.  9 Non-el  1 ipsoidal  defect,  41  in  Ti: 

mode  converted  shear  waves,  phase  versus  Longitudinal  and  mode  converted  shear 

a for  ka  • ? and  ratio  or  radii  of  4/3.  waves  for  three  directions  of  incidence. 

log  (power)  versus  ka . 
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Fig.  10  Non-el  1 ipsoidal  defect.  A1  in  Ti: 

Longitudinal  and  mode  converted  shear 
waves  for  three  directions  of  incidence, 
phase  versus  ka. 
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SUM^RY^  AND  D.IiCySSION 

We  have  developed  an  approximation  method  that 
can  be  used  to  study  defects  that  are  perturbations 
away  from  a spherical  volume.  We  have  found  that 
this  present  theory  constitutes  a quite  significant 
improvement  over  the  Born  Approximation.  This  is 
so  in  spite  of  the  fact  that  we  treat  cases  of 
large  volume  perturbations.  The  theory  is  not  as 
good  for  the  case  of  the  cavity.  This  is  reason- 
able because  the  other  small  parameters  in  the 
approximation  (quantities  like  i5p/p)are  not  small, 
but  1.  This  provides  strong  motivation  to  calcu- 
late the  spherical  Green's  function  and  calculate 
with  the  OWBA.  The  DWBA  is  an  expansion  in  both 
volume  perturbations  69/9  and  parameters  like  6p/p. 

To  a given  order  in  6V/V,  all  orders  in  4p/p  are 
included  within  DWBA.  Thus  reasonable  results  for 
cavities  can  be  expected  for  small  6V/V  for  DWBA. 

With  this  new  approximation,  investigation  of 
non-el  1 ipsoidal  defects  is  now  more  feasible.  Any 
shape  that  is  a positive  (larger  volume)  perturba- 
tion away  from  a sphere  can  be  investigated.  With  « 

the  inclusion  of  the  complete  spherical  Green's 
function  into  the  calculation,  negative  perturba- 
tions from  a sphere  for  Inclusions  will  also  be 
able  to  be  handled.  We  Intend  to  investigate  a 
select  class  of  interesting  defects  and  continue 
in  parallel  with  the  development  and  inclusion  of 
the  spherical  Green's  function  into  the  calculation. 

We  hope  to  also  learn  about  possible  applications 
of  phase  information  in  classifying  defects. 
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ABSTRACT 

Numerical  calculations  are  presented  for  the  scattering  of  elastic  (P-  and  S*)  uaves  from  prolate 
and  oblate  spheroids  and  two-dimensional,  rough,  crack-like  flaws  for  various  angles  of  Incidence, 
observation  and  frequencies  using  the  T-matrIx  approach. 

INTRODUCTION  Table  I;  Material  Properties 

Previously  the  T-matr1x^  method  has  been 
successfully  used  for  two  dimensional  elastic 
scatterersZ,3  for  arbitrary  scattering  geomtry  and 
for  spheroidal  clastic  scattcrers*  when  a P-wave  Is 
Incident  along  the  symmetry  axis  of  the  spheroid. 

Ue  have  now  obtained  numerical  results  for  the 
scattering  of  P-  and  S-  waves  Incident  at  arbitrary 
angles  on  prolate  and  oblate  spheroidal  cavities 
and  Inclusions  for  a wide  range  of  frequencies. 

Some  preliminary  numerical  results  have  also 
been  obtained  for  Infinitely  long  cylinders  of 
elliptic  cross  section  when  the  aspect  ratio  Is 
rery  snail  '0.07.  This  will  correspond  to  a two 
dimensional  elliptic  crack.  For  Incident  SH-waves 
we  have  shown  that  systematic  expansions  of  the 
T-matr1x  In  powers  of  ka,  a non-dimensional  wave 
nued)er, agree  with  the  exact  far  field  results  using 
matched  asymptotic  expansions  or  Hathleu  functions 
for  both  cavities  and  Inclusions,  If  the  limit  of 
zero  aspect  ratio  Is  taken  In  the  analytic  expres- 
sions of  the  T-matrIx.  lie  have  also  checked  the 
nuamrical  results  for  aspect  ratio  '0.07  against 
the  exact  crack  results  with  excellent  agreement. 

Ue  arc  now  Incorporating  the  limiting  procedure 
Into  the  numerical  scheme  which  should  make  the 
calculations  much  more  efficient.  Ue  will  also 
extend  this  approach  to  penny  shaped  cracks  In  the 
near  future . 

All  of  these  calculations  have  been  made  for 
the  purpose  of  flaw  detection  In  real  materials. 

Out  real  flaws  are  rarely  smooth  although  most 
theoretical  calculations  are  based  on  sxnoth 
boundaries.  In  order  to  make  the  scatterer  more 
realistic  we  have  presented  some  results  for  the 
scattering  of  SH-waves  from  an  elliptic  cylinder 
whose  boundary  Is  perturbed  by  a periodic  function. 

There  Is  considerable  difference  In  the  scattering 
signatures  of  a rough  and  smooth  surface. 

DESCRIPTION  OF  FIGURES 

For  spheroidal  cavities  and  Inclusions,  the 
host  material  Is  taken  to  be  T16SA1-4tV  and  the 
inclusions  are  of  Tungsten  Carbide  (UC).  The  two 
dimensional  results  are  for  Aluminum.  A table  of 
material  properties  follows. 


Material 

P-wave 

velocity 

S-wave 
veloci ty 

shear  modulus 

T16M1-4tV 

6340  m/s 

X30  m/s 

4.06  X lO'O  N/m^ 

WC 

6660  m/s 

3980  m/s 

2.19  X lO’'  N/m^ 

Alumi num 

6420  m/s 

3040  m/s 

2.5  X IClO  N/m2 

The  figures  are  self  descriptive  and  the 
scattering  geometry  for  each  one  of  them  Is  clearly 
Indicated.  For  spheroids,  the  z-axis  Is  taken  as 
the  axis  of  revolution.  For  elliptic  cylinders, 
the  z-axIs  coincides  with  the  cylinder  axis,  'a' 

Is  the  angle  of  Incidence  measured  with  respect  to 
the  positive  z-axls  for  3-0  geometries  and  the 
azimuthal  angle  Is  set  equal  to  zero  with  no  loss 
of  generality.  The  direction  of  observation  Is 
specified  by  the  angles  e,  a.  For  2-D  geometries, 
the  polar  angle  of  incidence, -a,  and  observation, 
e,  are  measured  with  respect  to  the  positive  x-ax1s 
which  coincides  with  the  major  axis  of  the  ellipse. 

CONCLUSIONS 

These  results  are  yet  to  be  compared  with 
experiments.  The  data  presented  here  Is  also  being 
used  as  a data  base  for  the  Inversion  procedure 
developed  by  J.  Rose  and  the  adaptive  training 

procedure  developed  by  A.  Mucclardi  and  M.  Uhalen.  { 

The  outcome  of  their  calculations  should  be 
Interesting  to  see. 

ACKNOWLEDGEMENTS: 

This  research  was  sponsored  hv  the  Center  for 
Advanced  NDE,  operated  bv  the  Science  Center,  Rock- 
well International,  for  the  Defence  Advanced 
Research  Projects  and  the  Air  Force  Materials 
laboratory  under  Contract  F.13bl5-74-C-Sl'10. 

REFERENCES 

1.  'Scattering  Matrix  for  Elastic  Uaves . I. 

Theory',  J.  Acoust . Soc.  Am.  60,  SS6  (1976). 

2.  'Scattering  Matrix  for  Elastic  Uaves.  II. 

Application  to  Elliptic  Cylinders',  J.  Acoust. 

Soc.  Am.  »,  1014  (1978). 


410 


Fig. 4 Angular  variation  of  scattarad  flald  anplltuda  for  SI  - waves 
Incldant  at  dlffarant  fraquanclas  along  syaanatry  axis  of  prolata 
spharoldal  Inclusion  In  T1 . 
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FI9.S  Spectrua  of  back  scattering  cross  section 
for  P - waves  Incident  along  syinaetry  axis  of 
oblate  spheroidal  cavity  In  A1 . 
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Fig. 6 Spectrun  of  back  scattering  crops  section 
for  SI  - waves  incident  along  syaaetry  axis  of 
prolate  spbervldal  cavity  In  TI. 
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Fig. 7 Spectru*  of  back  scattering  cross  section  for  P - waves 
Incident  along  synnetry  axis  of  prolate  spheroidal  cavity  and 
Inclusion  In  TI . 


Fig. 8 SpcctruM  of  back  scattering  cross  section 
for  SI  - waves  Incident  along  syMMtry  axis  of 
prolate  spheroidal  cavity  In  A1. 


Fig. 9 Spectrum  of  back  scattering  cross  section 
for  SI  - waves  Incident  along  syawietry  axis  of 
spherical  cavity  In  A1. 


Fig. 10  Spectrum  of  back  scattering  cross  section  for  SI  • waves 
Incident  along  synaetry  axis  of  prolate  spheroidal  Inclusion  In  t1  . 


rig. 11  Spectrum  of  b«ck  scattering  cross  section 
for  P - waves  Incident  at  45  and  90  degrees  with 
respect  to  symmetry  axis  of  prolate  spheroidal 
cavity  in  Ti , 


Fig. 12  Spectrum  of  back  scattering  cross  section 
for  SI  - waves  incident  at  90  degrees  with  respect 
to  symmetry  axis  of  prolate  spheroidal  cavity  in 
Ti . 
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Fig. 13  Spectrum  of  back  scattering  cross  section  for  P - weves  incident 
at  45  degrees  with  respect  to  the  syeseetry  axis  of  prolate  spheroidal 
inclusion  in  Ti . 
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Fig. 14  Spectrum  of  back  scattering  cross  section 
for  P SV  and  SH  - waves  Incident  normal  to 
an  elliptic  crack  In  A1. 


Fig. IS  Spectrum  of  bistatic  cross  section  for 
P SV  and  SH  - waves  Incident  normal  to 
an  elliptic  crack  In  A1. 
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Fig. 16  Polar  plot  of  scattered  field  amplitudes 
for  P and  SV  - waves  Incident  at  45  degrees 
to  an  elliptic  crack  In  A1 . 


Fig. 17  Spectrum  of  back  scattering  cross  section 
for  P Sy  and  SH  - waves  Incident  at  45 
degrees  to  an  elliptic  crack  In  A1 . 
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ABSTRACT 

r We  discuss  apparent  characterist Ic  features  of  Rayleigh  scattering  of  elastic  waves  from  cracks. 

Interpreting  these  features,  we  propose  a procedure  that  in  nomn.'  experimental  situations  raav  be  useful  to 
^ distinguish  genet al ly'-shaped  cracks  from  volume  defects.  For  el  I ipt ically-shaped  cracks,  we  propose 

I additional  procedures  that  in  principle  allow  the  unique  specification  of  crack  size,  shape  and 

I orientation;  however,  we  suggest  that  in  practice  only  the  crack  plane  orientation  and  a lower  bound  on 

the  crack  length  Is  measurable.  We  also  ci>mment  upon  the  Inversion  pio^edure  ot  Kohn  and  Rice. 

INTRODUCTION  BASIC  EQUATIONS 

Cracks  can  cause  significant  changes  in  the 
mechanical  behavior  of  materials,  the  most  dramatic 
change  being  the  possibility  of  fracture.  Non- 
[ destructive  detection  of  cracks,  especially  cracks 

critical  to  fracture,  often  utilizes  ultrasonic 
techniques  in  which  an  elastic  wave  propagates 
through  the  material  and  Is  scattered  by  the  crack. 

From  features  of  the  scattering,  the  detection  and 
characterizat ion  of  the  crack  is  attempted. 

Clearly,  in  these  important  experiments  the  domin- 
ant physical  process  to  be  understood  is  the  scat- 
tering of  the  elastic  wave  by  a single  crack.  In 
this  respect,  a simple  model  problem  is  that  of  an 
elliptical  or  circular  "soft"  crack  embedded  in  an 
infinite,  tu>mogeneous  isotropic  medium. 

Recent ly,  several  invest Igators^*^  indepen- 
dent ly  considered  theoretical  studies  of  this 
problem  for  the  limiting  case  when  the  wavelength 
of  the  elastic  wave  is  considerably  larger  than  the 
crack.  In  this  quasi-static  (Rayleigh)  limit,  the 
exact  form  of  the  scattered  fields  can  be  obtained. 

I In  this  paper  we  continue  the  spirit,  but 

extend  the  analysis,  of  these  invest  igat  ii'ns.  Our 
appro.ich  Is  to  start  with  a volume  integral  formu- 
lation of  the  scat  tering^**^  ^or  which  several  use- 
ful approxlnuU  ions  exist. The  approximation 
used  here  is  identical  to  the  quasi-static  result 
derived  by  Datta.^  Our  purpose  is  to  illustrate 
' in  the  context  of  this  approximation  apparent 

characteristic  features  of  elastic  wave  scattering 
(lom  cracks,  to  interpret  these  results  and  to 
discuss  experimental  procedures  that  mav  be  useful 
for  their  detection  and  characterization. 

More  explicitly,  we  first  Identify  scattering 
signatures  which  distinguish  cracks  of  general 
shape  from  volume  defects  (voids  and  Inclusions), 

Then,  we  specialize  our  studv  to  elliptical  cracks 
aiiii  propose  scattering  signatures  whlcii  allow  the 
determin.tt  ion  of  the  crack  orientation,  sl/e  and 
shape.  Also  the  appl  Icahi  1 1 1 v of  me.isnring  these 
signatures  in  realistic  non-desi met Ive  testing 
situati«>ns  Is  assessed. 
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The  basic  scattering  picture  is  depicted  in 
Fig.  1.  An  aibltrarllv  shaped  cavltv  with  a sur- 
face S bounding  a region  R Is  embedded  in  an 
infinite,  homogeneous , elast leal  1 v Isot  ropic 
medium.  The  incident  power  is  directed  along  the 
positive  z-axis  and  is  monochromat Ic  with  an  angu- 
lar frequency  ui.  The  unit  vector  r determines  the 
direction  of  observat Ion  of  the  scattered  power 
relative  to  some  suitably  chosen  Cartesian  coordin- 
ate system. 


INCIOENT 

POWER 


Fig.  1.  A typical  scaiierlng  geometry.  Foi  pur- 
poses of  Illustration  the  incident  power  is  along 
the  positive  z-axls. 
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The'  HCAtterlug  ^ f feet  Iveut'HM  ot  thl»  cavity 
la  ote'aaurcd  by  the  Ul  f f«*rent  ial  croaa-aect  ion  which 
la  tfaaentially  the  time  avoragv  of  the  fractUm  of 
Incident  power  acattered  into  a particular  direc* 
tion.  For  incident  power  aaaoclated  with  a dia- 
placeaont  field  [omitting  exp(~iut)) 


lot 

— 
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+ b , e 


iB'* 


(1) 


where  a and  are  the  wavenumbers  of  the  longitud- 
inal and  transverse  made  with  ai  and  bj»  the  cor- 
responding vector  polarization  amplitudes,  and 
_cf  • oa  and  • Ba,  the  Incident  wavevectora. 

The  differential  cross-section  la  found^  to  be 
given  by 


dP(ui)  . ♦ Bi.|bJ^ 

i<V-*'2u)|a^|^  + BulbJ^ 

with  V and  p the  hame  parameters  of  the  medium 
hosting  the  cavity,  dl]  a differential  element  of 
solid  angle,  and  and  Bi  the  vector  amplitudes 

of  the  displacesu?nt  field  associated  with  the 
scattered  (far-fleld)  power: 

Uir  I dr 

. 0 ^ . e __  ^ B 


A specific  choice  of  tiu'se  fields  will  produce  the 
exact  fi(k)*  Our  approximat ion  is  based  on  substi- 
tuting Wi\own  fields  for  X|  and  y|^{ , and  as  choices 
for  these  fields,  we  couhlder  first  a st at ic  prob- 
lem of  a cavity  embedded  in  a medium  that  has  a 
uniform  stress  as  R « The  resulting  strain 

field  can  be  written  as 
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where  e}^  is  the  strain  field  associated  with 
In  the  defect-free  ippdium,  *****  static 

Green’s  function^  * '*  and  t'lj  is  a fictitious 
field  defined  in  the  cavity.  For  ellipsoidal 
cavities  t I j was  calculated  bv  Kshelby.  It  is 
exactly  this  static  field  used  in  approximate 
solution.  Returning  now  to  the  scattering  problem, 
wi'  note  that  for  an  incident  wave  of  the  form 


0 ikOr 
u e — — 
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the  associated  strain  field  is 

0 0 Ik'^'r 

‘ij  “ ‘’ij*’ 


where 


The  acattered  amplitudes  are  related  to  a 
quantity  called  the  f-vector^ 

and 
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(<ia) 
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where  sumnatlon  over  repeated  indices  is  implied 
(as  throughout  the  rest  of  the  paper),  £ is  the 
unit  vector  in  the  scattered  (observation)  dir- 
ection, and  2.  ■ «nd  ^ ■ 6£,  For  a void  the 
exollcit  form  of  the  f-vector  is 
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wh.r. 

One  of  our  objectives  is  to  apply  F.q,  (^)  to 
the  long  wave  scattering  from  a crack.  To  indicate 
the  nature  of  our  approximation,  wt*  write 


t /i.\  - « I -lk*r  -lk*r 
f,(k)  = f,|uje  --J 


(»>) 


to  .yabollte  th.t  In  (5)  ther.  «rp  two  Ind. pendent 
integr.tlonn,  one  with  uj  eKp(-lk*r^>  In  the  Inte- 
grand and  the  other  with  f |,4exp(-l]t"r) ; that  la, 
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Wj^th  e}j  as  a static,  uniform  sr.iain,  the  tensor 

(associated  with  the  corresponding  static  prob- 
lem) is  defined.  Wlien  is  used  in  Fq.  (4),  the 

«pprv^ximat  ivM\ 
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can  be  shown  * * to  prviduce  the  scattered  ampli- 

tudes exactly  to  the  leading  order  in  u>  (which 
is  u’^),  F.quation  (10)  is  called  the  quasi-static 
approximat ion* * ; it  gives  the  Rayleigh  limit  to  the 
scattering. 

For  ellipsoidal  cavities,  the  ijj  needed  In 
K^s.  (8)  and  (11)  is  given  hv  F.shelbv;  furthersH'ro, 
i tj  is  itself  a uniform  (constant)  strain.  For  an 
ellipsoid,  Eq.  (5)  becomes 


(12) 


where  V Is  the  volume  of  the  cavitv.  I44  is  rela- 
. 0 . 'll 

tt'd  to  ej  j by 

fjj  - Ici-S) 

where  1 Is  the  Identltv  fourth  rank  tensor  and  the 
fourth  rank  tensor  S Is  calculated  hy  Eshelby,^ 

Ti^  obtain  results  for  an  elliptical  crack,  we 
first  consider  an  ellipsoid  with  principal  axes 
a b > c,  and  then  take  the  following  Itmita: 

llm  V - 0 
c^ 
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More  ^Aplicltly,  if  a and  b are  along  the  x-  and 
y-  dlractiona,  we  find 
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where  v is  Poisson’s  ratio  (v»X/2(A+u))  and  F(k) 
and  F(k)  are  complete  elliptic  Integrals  of  the 
first  and  sacond  kind  with  k • (l-b'/a^)^  and 
< * ■ 1 - The  corresponding  expressions  for  a 

circular  crack  of  radius  a are 
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For  both  elliptical  and  circular  cracks 
>ljkl  ■ ^JlkE  ‘ ^Jlk- 

obtained  from  (13)  by  these  Interchanges  of 
indices  are  zero.  We  note  that  Y . and  hence 

i j Kt  ^ 

the  scattered  fields,  are  proportional  to  4TTa'^/3, 
the  volume  of  the  smallest  sphere  that  can 
encircle  the  crack  Independent  of  b.  We  note  that 

’'3311^^1313  ^3311^^2323  " 2 (2-v) /(l-2v)  (15) 


and  hence  that  only  two  of  the  Y 
dent . 


IJkl 


are  indepen- 


RESULTS 


In  this  section  we  address  the  problem  of  flaw 
characterization  in  two  stages.  First,  several 
features  are  found  that  distinguish  cracks  from 
volume  defects,  including  one  valid  for  arbitrarily- 
shaped  (not  necessarily  planar)  cracks.  Second, 
for  the  special  case  of  elliptical  cracks,  we  dis* 
cuss  procedures  for  determining  crack  orientation, 
size  and  shape.  The  applicability  of  these  pro- 
cedures to  realistic  non-destructive  testing 
situations  is  also  assessed. 

Crack  Identification  - In  the  quasi-static  limit 
the  f-vector  for  scattering  from  a cavity  has  form^ 

- VPu°  + Qjjrj  (16) 

where 

P - - k^/4it  (17a) 

and 
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Alternately,  can  be  obtained  using  the  surface 
Integral  fonaulatlon  of  the  problem.  With  a crack 
regarded  as  the  limiting  case  of  the  volume  V 0, 


iJ  '■j 


with 
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But  as  seen  from  (17b)  the  tensor  Q^j , and  hence 
Q, depends  only  on  the  Incident  field  and  not  on 
the  scattered  direction  f.  Thus,  from  (4a)  the 
magnitude  of  the  longitudinal  field  la 

■ ^I'^i ' Wi 

which  is  invariant  under  the  replacement  of  ^ by 
- f.  Physically,  for  any  incident  direction  this 
means  the  scattering  in  all  diametrically  oppo- 
site directions  Is  Identical  (Fig.  2).  This  general 
result  Is  valid  only  for  cracks  since  the  first  term 
in  (16)  la  nonzero  for  all  cavities  (and  more  gen- 
erally for  all  Inclusions).  Consequently,  If  the 
measured  scattered  fields  are  equal  at  all  diametri- 
cally opposite  points,  the  defect  must  be  a crack. 

A similar  analysis  can  be  made  for  the  amplitude  of 
the  transverse  scattered  fields  with  the  Identical 
conclusion. 


Fig.  2.  An  Invariance  property  of  Rayleigh  scat- 
tering from  cracks.  For  an  incident  direction  a 
the  scattering  in  the  direction  £ is  equal  to  the 
scattering  in  the  direction  -£. 

Considering  the  special  case  of  elliptical 
cracks,  we  can  find  other  scattering  signatures  of 
cracks.  Below  we  give  for  an  Incident  longitudinal 
plane  wave  the  Rayleigh  limit  scattered  amplitudes 
and  explicitly  illustrate  these  signatures.  In  our 
eauatlons,  ■ ^33ll»  Y^^^  ■ Y1313  and 

YV^)  • ^2323»  the  incident  direction  £ is  character- 
ized by  the  angles  69  and  and  the  scattered 
direction  t,  by  0 and  <|i.  All  angles  are  defined  in 
a coordinate  system  fixed  by  the  principal  axes  of 
the  crack  and  'by  £,  and  the  semi-major  axis  a and 
semi-minor  axis  b are  in  the  x-  and  y-  directions 
while  ft  is  in  the  z-direction  (Fig.  3). 
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Fig.  3.  The  coordinate  system  defining  the  inci- 
dent angles  0^  and  and  the  scattered  angles  0 
and  ■$'  relative  to  the  crack  orientation. 


For  a longitudinal  wave  Incident  in  an  arbi- 
trary direction, 

and 

a"  * 

the  scattered  longitvidlnal  (L)  and  transverse  (T) 
displacement  fields  arc 

^ V \ , (0)  [,  . (l-2v)  2 .,1 

I I 4ti  l-v  I L ^ J 

+ slnifjj  sin  20  sin  20,  | 

*1  ■ 

(ifb) 

*■  sin  2t)g  cos  -!t' |y  ^ coa.J'j  ^ >^^^sln*J*  sin-Jt^  j 

cosi^Q  - >^^^co84t  slnifgj 


(I8a) 


- iJ^sln^Op  cosO 


where  § and  ^ are  unit  vectors  in  the  0 and  ij*  dir- 
ections. By  Inspecting  these  equativms,  we  found 
3 additional  crack  identifiers:  One,  if  both  the 
incident  and  scattered  directions  are  anywhere  in 
the  crack  plane  (rt  • t'^  ■ <>0®),  then  the  magnitudes 
of  the  scattered  fields,  and  hence  the  cross- 
sections,  are  constants: 


A - V Y^^^/4n(l-v) 


(l‘»a) 

il'Jb) 


Thus,  the  plane  of  the  crack  is  a "plane  of  con- 
stant scattering".  Furthermore,  the  existence  of 
such  a plane  is  a special  property  of  elliptical 
cracks  and  is  usefvti  nv^t  only  to  distingviish  these 
from  volume  defects,  but  also  to  determine  the 
crack  plane  orientation,  ft.  (See  below.) 

rwi>,  for  normal  incidence  and  for  incidence 
along  the  crack  edge  (Op  • 0®  .imi  do®),  the 


angular  distribution  of  scattered  L waves  (and  sim- 
ilarly (or  scattered  T waves)  is  identical  and  also 
independent  of  4'^  and  that  is, 
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Three,  as  seen  (rv>m  (203,  the  scattering  tor 
normal  incidence  is  twofold  symniet ttc  about  0 • dO® 
(l.e.  the  crack  plane).  This  feature  is  also 
absent  in  the  scattering  (r<.Ha  volume  defects. 

(From  (4)  and  (12)  it  can  be  demonstrated  that  the 
p contribution  gives  rise  to  an  additional  cos  0 
dependence  for  L waves  and  a sin  0 dependence  for 
r waves.] 

Thus,  to  leading  order  in  u>,  the  scattered 
power  has  a higher  sNinnetry  than  the  scatcerer; 
furthermore,  there  are  simple,  measurable,  quali- 
tative features  of  the  scattering  that  not  only 
distinguish  an  elliptical  crack  from  volume  defects, 
but  also  determine  the  crack  plane  orientation. 
Crack  i*haracterlxat ion  - Maintaining  our  speciali- 
sation to  elliptical  cracks,  we  n«.>w  discuss 
features  that  characterise  the  crack.  This  charac- 
terisation consists  of  the  determination  of  the 
orientation,  sire  and  shape. 

Our  first  task  is  to  determine  the  orientation 
of  the  crack  plane.  For  elliptical  cracks  this 
task  can  be  accomplished  concurrently  with  the  task 
of  differentiating  cracks  frinn  ellipsoidal  detects. 
For  example,  the  plane  of  constant  scattering  Is 
coincident  with  the  crack  plane. 

The  more  difficult  task  is  to  dclei-mine  the 
orientation  within  this  plane  of  the  crack  major 
axis.  Knowing  the  crack  plane  allows  us  to  specify 
0 and  Op  in  (lb).  To  complete  the  spec  I f icat ion  of 
the  crack  orient.itlon  one  must  uttlire  the 
Nf-dependenco  of  the  scattering.  Bv  inspecting  (18) 
one  sees  that  tlu'  relative  magnitude  of  the  4*- 
depondent  terms  Is  maxiroixed  when  0 ■ Op  • 45®, 

In  that  case,  for  a pulse-echo  experiment  (4*  • 4*0^ 
the  scattered  longitudinal  amplitude  Is,  for 
example , 


where 
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Since  p,  q 0,  the  maxima  ol  the  backseat  t ered 
power  tat  4*  • 0®  or  180®)  locate  the  direction  of 
the  major  axis.  .H^'weyer  the  depiudence  is  pro- 
port tv^nal  to  y'  - , which  (Fig.  4)  mav  be 

too  small  to  measure  for  all  b/a  ratios.  I'onse- 
quentlv,  the  orientattim  of  the  major  axis  may  be 
hard  to  determine  exper  imont  .al  ly . Physically,  in 
the  Kavlclgh  limit,  scattering  bv  an  elliptical 
crack  is  similar  to  scattering  bv  a circular  crack. 


volume  with  the  unit  of  length  the  same  as  a anJ 
b.  V - 

This  dlscusaton  ti>ars  direct  ly  oi  die  last  task  of 
characterizing  the  crack,  the  determination  of  a and 
b/a^.  In, principle,  knowledge  of  any  two  of 
IV  « t sufficient  to  uniquely  deter- 

Bipe  a ani|.b/a.  However,  Klgs.  4 and  3 reveal  that 
and  p/(p-»-<l),  the  ratio  of  the  mlnluniro 
CO  maximum  value  of  (21a),  depend  verv  weakly  on 
b/a;  as  such,  experimental  determination  of  b/a 
io.iy  be  difficult.  For  example,  fr^xn  Fig.  3,  the 
value  of  h/a  would  be  determined  by  exact  measure- 
mc^nt.til  p/(P^<l)*  Then,  with  Fig.  4,  knowledge 
of  >'  determliu's  a.  However,  from  Fig.  S one 
sees  that  the  variation  from  b/a  • 0 (needle-shaped 
crack)  to  b/a  - I (circular  crack)  results  at  best 
in  a lOX  change  in  p/(p+q).  Thus,  it  seems  that 
the  Rayleigh  limit  cannot  be  used  effectively  to 
determine  b/a  (or  the  orientation  of  the  crack  mafor 
axis).  One  can,  though,  estimate  the  crack  length, 
a,  provided  some  arsumption  concerning  Che  range 
of  b/a  values  is. taken.  If  Xq  b/a  < 1 and  a 
specific  value  y'  Is  obtained  from  measurement 
then 


where  Y‘°hx)  - Y<°\b/«). 

A similar  analysis  with  the  same  conclusions 
can  be  made  for  ^ncldent  shear  waves.  We  discuss 
this  elsewhere.^ 
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Fig.  3.  A measure  ot  the  sensltlvUv  of  the  scat- 
tering fvv'm  an  elliptical  ciack  to  Its  shape,  b a. 

V - ‘x. 

In  contrast  to  long  wavelength  scatteilng  ot 
acoustic  or  quantiun  oku'hanlcal  w.4ves,  whUh  aie 
isotropic  with  little  information  alv'ut  the  s*  at - 
terer,  the  scattering  ot  elastic  waves,  in  addition 
to  an  isotropic  component,  possesses  dipolar  and 
quadiapolat  c^xnponents  with  Important  informal  ion 
about  the  scatterer.^  We  examined  the  angular 
content  tor  the  scattering  t rom  cracks  and,  atlei 
examining  this  content,  ident tiled  tealuies  that 
mav  be  useful  in  crack  characterlrat  ion  expei  imeiit  s. 

With  great  generalitv,  we  tound  tliat  tor  anv 
angle  of  incidence  the  Kavlelgh  scattering  tiom  anv 
crack,  lit  contrast  to  the  scattering  trcm  volume 
detects,  is  identical  in  all  diamet rlcal ly 
opposite  directions.  This  feature  identities  the 
defect  as  a crack,  but  does  not  characterize  the 
crack  as  to  its  size,  shape  and  orientation.  Addi- 
tional identifying  features,  as  well  as  a character- 
izing procedure,  were  specified  tor  an  elliptical 
crack.  In  this  case,  we  found  that  it  is  in  prin- 
ciple possible  to  characterize  the  crack  uniquely. 

In  practice,  because  of  certain  shape  insensitive 
parameters,  we  believe  the  crack  mav  appear  circular, 
and  ptisslbly  the  best  one  can  do  Is  to  measure  tlie 
crack  plane  orientation  and  bounds  for  the  crack 
length  a. 

Our  analysis,  demonst rat ing  the  compleie  and 
unique  characterlrat ion  of  an  elliptical  crack, 
should  be  contrasted  to  the  results  predicted  by 
the  sc.itlerlng  inversion  procedure  suggested  by 
Kohn  and  Rlce.^  Thev  claim  that  the  eigenvectors 
of  a matrix  £,  which  for  cracks  equals 

^^mn  ""  3 1 1 k i ''  k i'  mn  * 

defines  what  mav  be  called  the  principal  axes  of  a 
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detect,  i.e.  the  defect  orientation.  FtiSi  (16) 
is  easily  specified  in  the  principal  axis 
system  ot  an  elliptical  crack  and  equals 

^ / I 0 0 

I 0 1 0 

\ 0 0 O-v 

> 

with  tUe  bulk  mmiuius  k • \ ♦ *At,  However,  since 
the  eigenvalues  are  doublv  degenerate,  the  c^vsplete 
specification  ot  tlvf  or  lentat  U^n,  according  to  the 
. laim  of  Kohn  and  Rice,  would  be  precluded.  Con- 
sequently, their  Inversion  prvHedure  Is  lnci>mplete. 
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ABSTRACT 


It  1»  ahovti  Chat  a faallv  of  acattarlnit  matrlcea  for  olattcic  atnl  acouaclc  wavaa  mav  b«  dlraccly  da- 
ducad  from  tha  bovmdary  coodltlona  at  tha  aurfaca  of  the  dafact*  which  In  tha  praaant  work  la  conatralnad 
to  be  a void  or  rigid  ImiK'vabla  obatacla  In  a homoganaovia  laotroplc  madlvA,  although  tha  method  can  ba 
readily  ganaralliad.  From  thla  family  of  matrlcaa  (which  Includaa  thoaa  derived  and  uaad  by  Waterman,  and 
Pao  and  Varatharajulu)  an  optimum  one  may  ba  choaan,  and  a criterion  la  given  for  doing  ao,  Thla  optimum 
T-TMtrix  la  niuoarlcally  calculated  tor  a variety  of  axtally  aNnamatrlc  voida  and  obataclaa  and  raaulta  are 
given  for  direct  and  mi>de-convartad  dlffarentlal  and  total  croaa-aact lone. 


INTRODUCTION 

The  acattarlng  of  alaatic  wavaa  bv  flat’a  In  a 
homogenat^ua  and  isotropic  alaatic  madlvim  la  one  of 
tha  almplaat  and  noaC  basic  problems  whose  solution 
is  of  vital  interest  in  nondestructive  tasting.  Al- 
though it  is  simple  on  a relative  scale.  It  can  still 
be  mathematically  and  computationally  verv  involved, 
which  is  Che  principle  reason  nvuoarical  results  have 
been  sparse  up  to  now,  except  for  scattering  from 
flaws  with  shapes  of  very  high  aNirmietry.  Tha  pres- 
ent work  la  an  attempt  to  add  a weapon  to  the  arsen- 
al which  can  ba  used  to  attack  this  problem. 

In  this  report  we  shall  present  tha  principle 
of  the  method,  its  relation  to  other  methods,  and  a 
sample  of  results  which  have  been  obtained.  Details 
will  be  given  elsewhere. 

rRELIMlNARlES 

We  will  illustrate  the  procedure  using  equations 
for  scalar  waves,  because  the  formalism  la  simpler. 
The  development  la  parallel,  but  the  eqv\atlons  are 
more  complicated,  for  elastic  waves. 

The  Helmholtz  equation  is 

(v^  + k^),>  - 0 . cn 

and  we  wish  to  find  a solution 
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which  1«  a acattarlng  wavaf unct ton;  l.a.,  tha  aun 
of  an  Incldant  plana  wava  and  outRolng  partial 
wavaa  r,.  and  ara  aolutlona  of  (11;  wa  naed 

only  to  find  tha  aaipTltudaa  a for  which  aatlaflaa 
tha  boundary  condltlona  Inpoaad  by  tha  praaanca  of 
tha  dafact,  which  tra  taka  to  ba  althar  a void  or  an 
laaaovahla  obatacla  In  an  otharwlaa  honoganaoua , lao- 
troplc, Inflntta  aadlua. 

Spaclflcally  wa  taka  tha  alganfunct Ion  to  ha 


Figure  1 ahow.4  tha  gaoioatrv  va  aaatna;  a datact  with 
aurfaca  T of  ao  far  arbitrary  ahapa,  an  Incoalng 
plana  wava  with  wavavaotor  t at  apharlcal  polar  an- 
glaa  and  a dtractlon  of  ohaarvatlon  t>,  V. 


Tha  wavafunctlon  »•  mav  ha  takan  to  ha  a valocl- 
ty  potential.  In  which  caaa  It  la  proportional  to 
tha  praaaura  In  an  Irrotatlonal  conpraaalhla  fluid. 
Tha  boundary  condltlona  ara  than  claarlv 

V ■ 0 on  r : vv'ld  (hal 
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whara  h|'*  • ♦ ly^,  and 
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(whara  n la  a unit  outward  normal  on  !'1  for  tha  two 
tvpaa  of  dafacta  wa  ara  conaldarlng.  If  wa  comhlna 
(21,  (A1,  and  (hi  wa  gat 
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Itork  aupportad  by  tha  U.S.  Dapartmant  of  Enargv 


r(d  $ +av>)*0  on  I:  void 

.as  as 


(7a) 


r(d  n*?vf  + a n*^*  ) • 0 on  1;  obstacle  • (7b) 
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MATRIX  FQUATIONS 

Suppose  now  we  Introduce  a set  of  functions 
{f. } which  Is  complete  on  I,  but  otherwise  arbitrary, 
multiply  (7a),  (7b)  by  one  of  them,  and  Integrate 
over  the  surface  I.  Then 

J^(d  (f.,^)  + a (f.,y  )]  “ 0 : void  (8a) 

- * J a j a 


Ifd  (f  ,n-5?  ) +■  a (f  ,n*?v''  )]  “ 0 : obstacle 

8 J s 8 J 8 


be  nearly  linearly  dependant  on  the  others,  causing 
numerical  instabilities  and/or  inaccuracies  in  the 
Inversion  of 

The  choice  of  which  was  made  by  Water- 

man^^\  and  which  corresponds  to  that  used  in  the 
elastic  wave  case  by  hlm^^^  and  by  Varatharajulu 
and  Pao^^\  Is,  for  the  case  of  the  obstacle, 
fj  " Riving 


(12) 
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(V,^) 


I • (n*Vv*,n*^) 


are,  because  (f^)  la  complete,  equivalent  to  (7n), 

(7b).  We  have  Introduced  the  following  notation 
for  the  surface  integral. 

(u,v)  - / do  u*v  . (Q) 

r 

Equations  (v8a),  (8b)  are  of  the  form 

Qd  + Qa  - 0 , (10) 

which  may  In  principle  be  solved  for 

a - - Q’^d  ? Td  , (11) 

defining  the  T-matrlx,  which  linearly  transforms  the 
Incident  wave  amplitudes  dg  into  the  outgoing  wave 
amplitude  a^.  If  (f^)  is  complete*,  T Is  symmetric. 

Then  (11)  is  identical  to  the  relat lon^between  T and 
Q given  In  ref,  (1);  namely  T - - (Q“^Q)‘, 

CONSTRAINTS  ON  {fj} 

In^a  computer  calculation  all  of  tlie  sets  {f<), 

are  finite,  and  although  (H)  gives  the  which  is  (10)  with 
exact  answer  for  complete  (infinite)  sets  (T  la  a 
matrix  of  infinite  rank),  one  must  in  practice  al- 
ways truncate  the  basis  sets  and  matrices. 

Then,  if  one  keeps  the  same  number  of  basis 
functions  in  all  sets 


They  made  this  choice  of  f because  It  was  natural 
and  convenient  In  their  development  of  the  formal- 
ism, which  was  very  different  from  ours.  We  will 
choose  f differently. 

OPTIMIZATION 

In  order  to  motivate  a unique  specification  of 
{fj}^,  we  ask  what  can  be  learned  by  considering  the 
surface  Integrals 
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(13b) 


These  vanish  if  and  only  if  v*  satisfies  the  boundary 
conditions  exactly,  which  Is  possible  for  most  sur- 
faces Z only  If  N -♦  «*.  For  finite  N,  I > 0,  and  we 
require  that  the  N coefficients  a^  in  (2)  be  chosen 
so  that  I Is  a minimum,  which  implies 
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Specifically,  for  the  void, 
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we  will  be  calculating  T'"’  which  Is  an  NXN  approxi- 
mation to  the  w X «*  J matrix,  and  the  goodness  of 
the  approxlmat ion  will  be  dependent  on  the  truncated 
set  (fj)fj  choose.  Our  choice  of  will  af- 

fect 

(1)  the  rate  of  convergence  of  to  the  ex- 

act a as  N increases, 

s 

(N) 

(2)  the  conditioning  of  the  -matrix,  and 

(1^  the  convenience,  speed,  and  accuracy  of  the 
numerical  evaluation  of  the  i>-matrlx  ele- 
ments. 

(2)  above  means  that,  for  example.  If  a poor  choice 
of  made,  then  some  of  the  equations  (8^  mav 


These  are  to  be  compared  with  (12),  Corresponding 
differences  appear  between  the  Q-matrlces  our  crite- 
rion prescribes  and  those  which  are  used  In  refs. 

(2)  and  (3)  for  elastic  wave  scattering. 

It  is  Tntulttvelv  reasonable,  because  of  our 
optimization  criterion  tliat  the  solution  we  obtain 
should  maximize  fidelity  to  the  boundarv  conditions 
on  r,  that  the  results  of  our  calculation  should  con- 
verge better  for  displacements  and  stresses  in  the 
near  zone  (surface  stress  concentrat ion,  etc.).  But 
it  is  not  a priori  obvious  that  our  results  for 
cross  sections,  which  depend  on  far  fields  onlv, 
should  be  optimum.  This  can  only  be  determined  bv 
comparing  detailed  calculat Ions. 
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APPLICATION 


W«  will  not  present  the  forvel  expressions  for 
diepleceMnts,  stresses,  end  Matrix  eleaencs  here, 
that  being  reserved  for  later  publication.  We  will 
Just  show  so»e  results  for  direct  end  Mode-converted 
scattering  from  spheres,  prolste  and  oblate  sphe- 
roids, pillboxes  and  cones.  There  is  n good  reason 
that  the  above  set  of  shapes  are  all  axially  sym- 
Mstrlc,  as  follows. 

If  s • p,t|M  where  p > 1 (longitudinal  polarl- 
latlon),  2,3  (transverse  po  lari  eat  Ion) , 1 0,1, 

•od  « • - t,  •••  ♦ 1,  then  It  can  easily 
be  shown  that,  If  I is  axially  sytmetrlc. 


^ptii,p*l*x*  ^plm.p'f ‘m 


<17) 


for  all  boundary  conditions  and  alao  for  and  T. 
This  la  the  basis  for  a gross  simplification  and  ac- 
celeration of  the  calculation,  because  T can  be  com- 
puted for  each  aelcuthal  eigenvalue  m separately. 

For  axially  aynsietrlc  flaws,  as  will  be  aeen  from 
the  figures,  we  can  get  good  results  for  quite  large 
ka;  It  being  sufficient  to  take  of  the  order  of 

1 or  2 ka  to  obtain  visual  convergence  (i.e.,  the 
computer-generated  plots  for  successively  larger 
^max  Indistinguishable  to  the  eye).  The  largest 

matrix  (17)  which  must  be  Inverted  has  rank  3 
+ 1),  which  Is  trivial  for  “ 1^.  the  largest 

we  have  needed. 

But  If  Z has  no  symmetries,  (17)  has  no 
factor,  th^  rank  of  Q Is  3(1  + 3 5 + ■ • - + 

1)“  " + D*  and  the  situation  Is 

quite  different.  c>nlv  relatively  long  wavelengths 
could  be  considered. 

The  figures  which  follow  will  be  self-explana- 
torv,  with  the  following  guide  to  notation. 


Differential  cross-sections  are  plotted  as  functions 
of  (^,'^),  the  spherical  polar  angles  In  the  coor- 
dinate syatem  of  the  flaw,  whose  axis  of  symmetry  Is 
along  the  Z axis.  The  incoming  wave  la  longitudi- 
nally polarised  with  wavevector  k.  A cero  croaa- 
■ectlon  la  plotted  at  -100  db. 


d • angle  of  Inciting  wavevector  (**  • 0) 

o o 

Oj  ■ 10  (longitudinal  croas-sectlon/fla^) 


^»U 


a 


partial  and  to'.al  eK>de-converted  con- 
trlbut Ions. 

Lame  elastic  parameters, 
largest  radius  of  flaw. 


Type  • (0,1)  - (void,  rigid  obstacle) 

AR  ■ (height/diameter)  of  defect 

height  of  plVlbox/a  if  H 0 

H • « 0 if  defect  is  a sphere  or  spherv'*ld 

- height  of  cone/a  If  H *-  0 

1 “ cutoff  In  £;  varies  from  2 to  14  in  plots 

max  * 

" number  of  points  in  numerical  Integra- 
tlon  of  surface  Integrals;  performed  bv 
t'.auss-Legeudre  quadrature. 


The  time  consumed  by  a CDC  boOO  for  a given  flaw  In 
computing  25  25  values  of  and  for  each  of  5 
Incident  angles  6^^  Is  approximately 
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Sotnt*  liuili'Htlon  ot  the  rate  of  conv*»im*iue  of 
the  caloiilrtt  ton  with  Increase  i»t  the  truncatloit  pa-' 
rameter  i*an  be  obtained  bv  stiulvln^t  the  resultH 

lor  the  soatterlnK  Iron*  a spheie  lor  ■ 10,  12, 

and  14  ot  an  Incident  wave  with  ki»  " U),  The  iltf- 
lerences  betveen  cross-sect  Iona  for  " 12  and 

’^'max  " tvplcallv  abt'ut  ,1  db  or  less  (too 

snuill  to  see  on  the  graphs),  which  Is  about  In 

contrast,  the  cross-section  for  • 10  and 

^max  " sometimes  as  much  as  ? db,  Altlu'ugh 

we  have  not  studied  the  rate  of  converp.t'uce  Iti  anv 
systematic,  quantitative  wav,  these  trends  are  not 
inconsistent  with  the  results  of  Johnson  and  Truell' 
on  scat  ter  I n>;  from  spherical  elastic  inclusions.  To 
obtain  ,t*X  accuracy  tor  scattering  with  ka  " 10  from 
ai\  elastic  Inclusion,  thev  find  it  necessarv  to  ^o 
to  from  10  tt»  lb,  tlependln^  on  the  materials 

Involved.  Ailm  i 1 1 eil  I V , the  sphere  is  a pi>o!  test  i*t 
the  metlH>d,  because  tl»e  matrices  are  then  diagonal 
In  C as  well  as  m;  conse<jnent  1 v anv  expans  It'u  In 
i.m  e Igenfunct  Ions  sho»iltl  give  the  same  answers, 

A better  test  is  affortletl  bv  some  less  svTn- 
metrlt'  ilefect.  It  wouKI  be  Interesting  to  compaie, 
for  an  unsNTnmetrlc  shape  like  a cone,  the  rates  ot 
convergence  of  onr  method,  the  method  nseil  bv 
Varadan  and  Tao,  am!  tin*  one  ptopi'sed  bv  Waterman,^ 
In  which  lie  would  force  the  r-matrlx  to  be  symmetric 
at  each  stage  of  truncation  N, 

CFNKRAl.l^.ATlON 

Manv  dlreitlons  for  further  devi'lopment  suggest 
themselves.  Relatively  easv  Is  t lu'  extensii>n  to 
elastic  Inclusion  with  axial  SN’Tnmetrv,  I’he  calcula- 
t Ions  for  this  case  are  no  mi're  difficult  than  fot 
the  void  and  obstacle,  btit  the  rank  »'t  the  matrices 
one  nnjHi  manipulate  Is  d<nthleii,  because  now  the 


wavefunct  lv>ns  Inside  the  Inclusion  must  also  be  de- 
termined. l.lttle  more  dllflcultv  Is  Involved  In 
calculating  scattering  from  some  surtace  defects. 

Here  ^ becomes  the  Infinite  plane  plus  a surface 
flaw  whose  axis  ol  svmmetrv  Is  perpend Icul  ii  to  the 
plane,  Surtace  Integrals  over  the  plane  can  be  per- 
t t'vmt'ii  ana  I vt  1 cal  I V , and  v*.  will  become,  in  one  in- 
stauie,  an  ln<  Idem  plane  li'ugit  ndtnal  wave  plus  te- 
flected  loix. . 1 1 udlna  I and  transverse  waves. 

Outsld«»  of  the  scattering  dimaln  t tie  ptlnclple 
ol  maximization  of  lldelltv  to  bmindarv  conditions 
can  hi‘  used  to  solve  for  necr-zone  fields;  c.g., 
stress  concent  rat  ions  and  nltiasonlc  lens  design. 

ACkNt >^l .KPCMl  nj 

Thanks  aii  due  Dr,  Janx'S  (Xibernalls,  who  intro- 
duced me  to  the  subject  of  elastic  waves,  and  wlu' 
still  serves  as  an  able  ciMisultant  ami  patient  guide 
to  the  venerable  and  copious  literature. 
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ABSTRACT 


Recently  there  has  been  considerable  interest  in  detecting  radial  cracKs  under  fasteners  in  the 
wings  of  C-5A  aircraft.  Generally,  detection  is  accomplished  using  the  pulse-echo  method,  rei lections 
from  cracks  being  detected  in  real  titn.>.  In  the  present  study,  cracks  are  detected  by  observing  the 
Ooppler-shi fted  frequency.  A sample  having  a radial  crack  is  mounted  on  a rotating  platform  in  a water 
bath  A focused  transducer  transmits  a tone  hurst  such  that  only  the  shear  mode  propagates  tangential 
to  the  hole  in  the  metal.  This  transducer  receives  a Oopp'er-shi fted  reflected  signal  whenever  a moving 
crack  is  in  the  field  of  viev  of  the  incident  beam.  The  i-eceived  signal  is  heterodyned,  tillered,  and 
displayed  on  a low-frequency  spectrum  analyzer.  Mt'rits  and  limitations  of  the  technique  are  discussed. 


Several  ultrasonic  techniques  have  been  used 
to  detect  and  measure  the  size  of  cracks--scatlered 
wav  amplitude  methods,  bulk-wave  timing  methods, 
and  spectroscopic  analysis.  This  pa(H'r  deals  with 
the  use  of  a Doppler-shi ft  technique  to  detect  and 
mt'asure  the  size  of  radial  bolt-hole  cracks.  Ihe 
Doppler  effect  refers  to  the  change  in  frequency 
of  an  ultrasonic  wave  reflected  from  a crack  that 
is  moving  relative  to  the  incident  ultrasonic  beam. 
The  technique  Is  outlined  schematically  in  Fig.  1 
which  shows  the  ultrasonic  beam  intersecting  a flaw 
as  the  samt'le  is  rotated.  It  should  be  noted  that 
(I)  the  spectral  width  of  the  reflected  wave  is 
due  to  the  radial  distribution  of  velocity  along 
the  crack,  and  (?)  the  crack  is  only  in  a position 
to  reflect  the  incident  wave  for  a short  time 
during  the  rotation  of  the  sample  (Fig.  ?).  The 
Doppler  shift  fp  due  to  the  rotating  crack  is 
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where  r is  the  radius  of  the  hole,  a is  the  crack 
size.  T is  tin'  period  of  rotation,  f^  is  the  fre- 
quency of  the  ultrasonic  beam,  and  i is  the  angle 
of  incidence.  The  first  term  in  tq,  (?)  is  due  to 
the  aforementioned  velocity  distribution,  and  the 
second  term  is  an  instrumental  bwadening  due  to 
the  short  reflection  time. 


The  psperimental  setup  is  shown  schematically 
in  Fig.  .T.  A focused  transducer  transmits  a .T5- 
iisec-iong  lone  hurst  of  11. bb  Miz  at  a repetition 
rale  of  io  kHz.  The  transducer  Is  placed  such 
that  only  shear  waves  are  transmitted  tangential 
to  the  bolt  hole  in  the  samtile.  The  re.elved 
signal  is  heterodyned  with  the  incident  and 
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then  fed  to  a low-pass  filter,  the  output  o* 
which--the  Dicppler  shift--is  displayed  on  a 
spectrum  analyzer. 

In  the  present  study.  IXippler-shi  f t data  were 
taken  on  varunis  Al  6061-Tb  disks  containing 
diffeii'nl  size  COM  notches  or  real  cracks.  Figure  4 
shows  a typical  plot  of  am|il  i tude  vs  frequency. 

The  Doppler  shift  has  a sine  dependence  upon  angle 
of  incidence  (Tig,  b)  and  is  linearly  dependent 
upon  both  reference  frequency  (Fig.  6)  and  the 
angular  velocity  of  the  notch  (Fig.  7).  The  analy- 
sis of  the  broadening  of  the  Doppler  peak  yielded 
values  of  0.044  i 0.006  in..  0.0b4  t 0.011  in.,  and 
0.078  • 0.01?  in.  for  0.040- . 0.060- . and  0.080-in. 
EDM  notches,  respectively.  From  analysis  of  the 
data  on  the  COM  notches  of  known  radial  depth,  it 
seems  that  the  radial  sizes  of  these  notches  can  be 
estimated  to  within  ?01..  Ckita  taken  on  radial 
fatigue  cracks  at  the  bolt  holes  in  rectangular 
plates  are  shown  in  fig.  8.  Analysis  of  the 
bi-oadening  of  the  IVippier  peak  for  one  of  these 
samt'les  yielded  a radial-crack  size  of  0.117  < 

O.OI?  in.  examination  of  the  sample  under  an 
optical  microscope  (Fig.  4)  revealed  the  actual 
size  of  the  crack  to  be  0.106  in. 

There  is  a close  agreement  letween  the  pie 
dieted  and  measured  size  of  the  cracks  at  the  bolt 
holes.  It  has  tieen  demonstrated  that  IXippler-shi f t 
techniques  are  useful  for  detecting  and  sizing  the 
radial  cracks.  The  nx’thod  is  free  from  the  uncer- 
tainties in  the  amplitudes  of  reflected  waves  from 
cracks.  However,  because  of  the  small  Doppler 
shift,  the  samt'linq  time  is  large  and  ttie  mettued  is. 
al  present,  relatively  slow.  The  adjustment  of  the 
direction  of  the  incident  beam  is  quite  imisortant 
for  avoiding  spurious  peaks  due  to  eccentricity. 
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I P.  A.  IXiyle  and  f.  M,  Scala,  "Crack  IVpth 
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therein. 
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(ti|.  h IXippter-shi  f t treiinency  fp  vs  iininil.ir 
speed  of  the  crack.  Note  the  linear  deiiendeme  ot 
fp  upon  angular  speed  of  the  crack, 
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Mg.  7 ,‘tmt'litude  ot  the  backseat teivd  beam  from 
the  rotating  radial  tPN  notch  vs  the  l\ippler-sht f t 
trp<)uency  fp.  The  bixiadening  of  the  IV'Ppler  peak 
Is  related  to  the  radial  sl/e  of  the  I I'M  notch. 

The  spikes  an'  due  to  the  sampling.  Only  one 
spike  appears  per  revolution. 


'’ll-  o Amplitude  ot  the  backscattered  wave 
from  the  rotating  radial  fatigue  craik  vs  the 
IXippler-shi  f t freguemv  fp.  Note  the  close 
agieement  between  the  experimental  and  theoretical 
crack  slies. 


Mg.  'I  Optiial  micrograph  of  the  fatigue  craik 
used  to  obtain  the  IVpi'ler  data  In  Mg,  0.  Ihe 
hole  is  the  darkest  .irea  at  the  h'wer  left  hanil 
corner,  with  the  fatigue  crack  running  diagi'nallv 
across  the  mici'ograph 
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ABSiraCT 

Despite  the  prevedenoe  of  fatigue  and  fatigue  related  failures  little  is  known  atxcut  the  actual 
mechanisms  which  cause  fatigue.  IVkj  nondestructive  investigation  te<^inigues  which  have  been  found  to 
be  extremely  sensitive  to  the  microscopic  changes  in  the  material  during  fatigue  deformation  are  ultra- 
sonic attenuation  and  acoustic  emission  ncnitoring. 

Ihe  work  reported  here  indicates  the  ability  of  both  techniques  bo  provide  an  early  warning  of 
fatigue  failure  in  7075  ediininiin.  Additicncilly,  the  results  point  out  the  sensitivity  of  the  technique 
to  different  mechanisms  active  during  fatigue  deformation.  Through  the  ccxiplementary  use  of  solitary  an! 


ocmbined  monitoring  the  pobenticil  of  these  techniques 
fatigue  is  shown. 

tCTALLURGY  . . . 7075  AUMINIM 

About  the  Material 

Oaiposition:  5.5%  Zn,  2.5%  1.5%  Cu,  0.3  Cr. 

Typically  7075  is  found  to  ocmtciin  three  distinc- 
tively different  types  of  particles  in  c»ddition  to 
the  matrix  materieil  (1) 

1)  Fe,  Si,  and  Cu  rich  primary  inclusions  ranging 
in  size  from  0.1  to  lOw  in  diameter,  1 to  5 
percent  by  volume,  appearing  li^fit  in  opticeil 
micrographs. 

2)  Cr,  Ml,  or  Zr  rich  intermediate  particles 
ranging  from  0.5  to  5ii  in  diameter,  which 
serve  to  control  recrystallizaticn  and  greun 
growth,  0.05  to  0.5  peroent  by  volume, 
appearing  dark  in  optical  micrographs. 

3)  Precipitate  particles  ranging  from  0.01  to  0.1 

in  diameter,  a transiticn  form  of  MgZn2, 
strengthen  the  matrix  and  are  only  visible  by 
transmission  electron  microscopy.  Additicnally, 
sc^rical  dispersoids  of  A1.2M93Cr2  a 

mean  diameter  of  O.OSu  are  also  present,  and 
like  the  MgZn2  aure  finely  dispersed. 

AXUSTIC  EMISSION  DURING  TENSILE  DEFORMATION 

Sources  of  Aooustic  Bnissicn 

Burst  type  emissions  occurring  prior  to  yield  in 
the  as  received  condition  and  throu^nut  the  defor- 
mation in  the  solution  treated  condition  may  be 
related  to  the  breakaway  of  dislocaticns  from 
pllei^.  The  increase  in  aooustic  emission,  not 
associated  with  burst  emission,  occurring  aifter 
yield  in  both  materials  results  from  the  fracture 
of  inclusions,  deoohesion  of  these  inclusions  and 
cracking  of  the  aluninun  matrix  initiated  ty  the 
fractures.  Creation  of  dislocations,  which  trigger 
other  dislocation  sources,  cause  the  large  peak  in 
emission  at  yield  in  the  solution  treated  material. 

(2) 


for  revealing  the  actual  mechanisms  responsible  for 


SPBCIMEM  MD  TESTING  OONFIGURATION 
Experimental  Oonsideration 

All  of  the  materials  were  subjected  to  reverse  bend- 
ing at  1725  cycles  per  minute.  The  peak  to  peak 
aitplituie  of  the  deflection  was  0.9  cm. 

Ultrasonic  attenuaticxi  mxiitoring  weis  performed 
ccntinvxxisly  with  the  pulse  being  generated 
synchronously  with  the  fatigue  cycle  at  a fixed 
point  in  the  cycle. 

Acoustic  emission  monitoring  was  fecilitabed  by  a 
system  designed  by  the  Admiralty  Materials  Labora- 
tory incorporating  specied  electromagnetic 
shielding.  The  system  afforded  extremely  sensitive 
monitoring  at  70  dB  gain  because  of  Icwer  signal  to 
noise  than  conventional  systems. 

COMBINir)  MJilTORING  DURING  FATIGUE 
Test  Result  Implications 

Coihined  results  tend  to  indicate  in  the  as  received 
material  that  the  breakaway  of  piled  \f>  dislocations 
during  the  early  portion  of  the  fatigue  life  does  not 
provide  dislocations  which  remain  nobile  and  thereby' 
increase  the  ultrasonic  attenuation.  However,  fatigue 
damage  culminating  in  failure  activates  mechanisms  to 
which  both  techniques  are  sensitive. 

In  the  solution  treated  material  the  breakztway  of 
dislocaticns  during  the  initied  portion  of  the 
fatigue  life  does  provide  dislocaticns  which  ronain 
mobile  due  to  the  greatly  reduced  nurber  of  pinning 
points.  These  mobile  dislocations  increase  the 
ultrasonic  attenuation,  and  perhaps  contribute  to 
the  final  failure.  As  with  the  as  received  material, 
at  the  onset  of  failure  mechanisms  are  activated  to 
which  both  techniques  are  sensitive. 
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ABSTRACT 


Optical  probinq  if  acoustic  displacement  waveforms  has  a number  of  advantaqes  over  other  methods. 

Among  these  advantages  is  the  possibility  of  quantitative,  local  measurement  of  acoustic  emission  wavef  rms 
at  high  and  low  temperatures . This  paper  reports  the  results  of  some  measurements  on  various  materials  as 
a function  of  temperature. 


INTRpOUCT ION 

It  is  often  assumed  that  acoustic  emission  sig- 
natures are  in  some  way  characteristic  of  the  emit- 
ting source  (growing  crack,  twinning,  slip,  void 
formation,  or  the  like).  This  hypothesis,  reason- 
able as  it  is,  has  never  been  properly  tested  be- 
cause the  essential  data  do  not  exist. 

To  test  the  hypothesis,  we  need  to  know  the 
characteristic  signature  of  the  various  possible 
sources,  including  waveform,  component  wave  types, 
and  T'adiation  pattern.  We  should  know  how  this 
waveform  changes  with  material,  temperature,  and 
specimen  si/e  and  shape  (because  of  resonances, 
reflections, and  imide  conversions).  Further,  we  need 
to  know  how  the  waveform  changes  with  propagation 
distance  (and  direction  if  the  material  is  aniso- 
tropic). We  can  expect  the  waveform  to  change  for 
several  reasons: 

(1)  The  component  wave  types  --  di la ta t iona 1 , shear, 
and,  perhaps,  surface  --  travel  at  different  speeds. 

(2)  The  spreading  wave  is  attenuated  geometrically, 
and  the  geometric  factor  is  different  for  bulk  and 
surface  waves. 

(3)  Various  loss  mechanisms  depend  on  frequency, 
temperature,  and  material. 

(4)  Both  anisotropy  and  inhomogeniety  will  further 
distort  the  propagating  wavefront. 

Accurate  measurement  of  the  various  waveforms 
to  test  the  theory  evidently  requires  a transducer 
whose  sensitive  area  has  a diameter  much  smaller 
than  the  shortest  wavelength  to  be  measured  (for 
h MHz  the  Rayleigh  wavelength  is  about  0.6  inn).  The 
probe  should  be  non-contact,  have  a broad  frequency 
response,  and  be  useful  at  both  high  and  low  temper- 
atures. It  must  be  amenable  to  absolute  calibration. 
Optical  methods  satisfy  these  requirements,  and  they 
have  the  further  advantage  of  being  able  to  probe 
internally  in  transparent  nwterials. 

INSTRUMENTATlpN 

The  basic  optical  seosqr,  shown  in  Fig,  1,  has 
been  described  elsewhere.*’'  It  is  a nxidification 
of  the  Michel  son  interferometer  in  which  the  illumi- 
nation is  collimated  laser  light.  Lenses  are  used 
to  focus  the  light  on  the  specimen,  forming  a sensi- 
tive area  perhaps  0.01  nm  diameter.  The  reference 
beam  is  focused  on  a piezoelectrical ly  driven  mirror 
(at  the  top  of  the  diagram).  Low  frequency  compo- 
nents of  the  photocurrent  (o  - 1 kHz)  are  mostly 
caused  by  mechanical  vibrations  and  atnyrspheric 


disturbances;  they  are  amplified  and  used  to  drive 
the  piezoelectric  correction  unit  so  as  to  maintain 
an  optical  phase  diffei-ence  of  90°  between  the  twii 
beams  for  optimum  sensitivity.  The  high  frequency 
signal  components  are  amplified  and  displayed  or 
recorded.  The  signal  amplifier  band  pass  is  adjust- 
ed to  5 kHz  to  5 MHz.  Signals  are  ususally  video 
taped  unless  the  frequency  response  of  the  video 
tape  (about  3 MHz)  is  too  limited;  then  they  must  be 
recorded  directly  from  the  oscilloscope  or  from  a 
digital  transient  recorder.  Signals  played  back 
from  the  video  tape  can  be  filtered  to  remove  any 
undesired  frequencies. 

Figure  2 shows  the  method  of  mounting  indium 
ingots  used  in  some  of  the  twinning  experiments. 

The  specimen  (3  x 3 x 40  mm)  was  held  between  two 
teflon  blocks  to  minimize  clamp  noises.  In  turn 
these  teflon  blocks  were  supported  in  a bakelite 
mount  which  permitted  suitable  adjustment  of  the 
position  of  the  specimen.  Measurements  could  be 
made  eitlier  at  the  end  of  the  specimen  or  at  the 
side  very  close  to  the  region  where  twins  wen  gen- 
erated when  the  ingot  was  bent.  Probing  at  the  side 
was  necessarily  qualitative  because  the  generation 
of  twins  distorted  the  polished  surface.  Measure- 
ments made  at  the  end  eliminated  this  difficulty, 
but  at  the  expense  of  attenuating  some  of  the  high 
frequency  components  as  a result  of  the  extra  IB  mm 
of  propagation  distance  through  the  clamped  region. 

The  specimen  temperature  could  be  measured 
approximately  with  the  thermocouple  wires  as  shown. 

The  No.  30  gauge  wire  was  fine  enough  to  minimize 
heat  transfer  to  or  from  the  specimen  while  permit- 
ting temperature  measurements.  The  specimen  could 
be  heated  with  a specially  constructed  tubular  oven 
which  slid  over  the  exposed  end,  or  cooled  by  pour- 
ing liquid  nitrogen  over  it. 

In  another  experiment  the  acoustic  emission 
during  the  phase  change  in  iron  at  about  900°C  was 
measured.  An  iron  wire,  about  10  cm  long,  was  clamped 
between  two  specially  designed  binding  posts  which 
were  mechanically  insulated  from  the  nxiunt  by  teflon 
washers  to  reduce  clamp  noise.  The  wire  was  kept 
under  slight  tension  so  that  it  would  not  sag  when 
heated  by  an  electric  current.  Then  about  halfway 
along  its  length  the  wire  was  compressed  between  a 
flat  glass  plate  and  a steel  cylinder  so  that  it  could 
act  as  a mirror. 
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figure  3 shows  the  effect  of  temperature  or  the 
acoustic  emission  from  the  twinnin>j  of  indium.  The 
two  upper  waveforms,  recorded  at  a temperature  of 
about  -I'JirC,  show  friviuenc  ies  of  the  order  of  200 
KHz.  The  lower  two  waveforms,  recorded  at  a temper- 
ature of  about  *1011  C,  show  considc able  attenuation 
of  the  higher  fre»tuencies  Above  this  temperature, 
few  signals  were  seen. 

If  the  At  signals  were  sensed  at  the  side  of  the 
specimen,  close  to  the  At  emission  sites,  the  obser- 
ved rise  time  was  much  faster  than  when  observeii  at 
the  end.  some  IS  nm  distant  fi\im  the  sites,  figure 
A shows  some  rise  time  measurements.  At  the  top  is 
the  rapid  rise,  about  0.2  psec .observed  in  the  stress 
corrosion  cracking  of  tA.T40  steel  within  a millimeter 
of  the  crack  (recorded  with  a transient  digitizer). 
The  two  lower  waveforms  show  rise  times  of  j(bout  1 
psec  in  the  indium  at  a temperature  of  -190  C,  also 
within  a millimeter  of  the  twin  generation 

figure  5 shows  some  characteristic  twin  signals 
in  indium  sensed  at  the  polished  end  of  the  specimen 
(left  side  of  figure)  and  from  a phase  change  in 
iron  wire  at  about  900^0  (right  side).  In  both  sets 
of  waveforms  the  sweep  speed  was  ?(1  psec/div  as  indi 
cated.  The  upper  two  wavefoims  of  each  set  are 
almost  indistinguishable,  and  the  ones  below  are 
recognizably  similar  in  general  form.  As  we  have 
seen  above,  the  high  freguency  component  content  of 
the  indium  waveforms  will  be  less  than  when  observed 
at  the  side,  but  the  signature  is  still  recognizable. 
As  reference  2 shows,  the  emission  from  twinning  in 
different  metals  such  as  indium,  tin,  zinc,  and 
cadmium  is  very  similar,  though  there  may  be  subtle 
different es. 

Experiments  have  also  been  done  on  the  duration 
of  the  acoustic  emission  bursts,  but  the  results  are 
not  conclusive  besause  it  is  difficult  to  sort  out 
the  primary  characteristic  signatures  fr,im  reflected 
waves . 


The  experiments  retwirted  here  are  only  prelimi- 
nary, but  they  clearly  denknistrate  the  (Kiwer  of  opti- 
cal probing  methods.  (A  greatly  improved  instrument 
Is  now  under  construction.) 

Provisionally.  w«‘  conclude  that  the  hypothesis 
under  consideration,  that  avousti,  emission  signa- 
tures are  characteristic  of  sources,  is  at  least 
fiartially  valid.  There  appears  to  be  a distiiutly 
different  signature  for  twinning  and  for  a phase 
change  in  iron,  pitterences  In  other  kinds  of 
signatures  is  not  so  evident,  though  there  may  be 
more  subtle  distinctions.  The  frequency  S(iectruiii 
may,  perhaps,  reveal  some  differences,  but  this  is 
not  certain,  frequency  spectra  of  events  measures 
f.sr  from  the  souive  do  not  seem  to  be  repeatable 
frimi  event  to  event. 

ACkNOHlf  IXU  MINT 

U is  a pleasure  to  acknowledge  the  suPiKirt  of 
the  U.S.  Army  Research  Office,  and  Or,  George  Mayer 
in  yiarticular.  In  addition,  the  author  wishes  to 
thank  his  colleagues  Or.  Robert  f.  Green,  Jr.,  Or. 
Steven  E.  Fiik.  Or.  Richard  0.  Claus,  Or.  Ronald  A 
kline,  and  Professor  Robert  B.  Pond.  Sr. 

RUlRi  NCES 

1.  C.H. Palmer  and  R.f. Green,  ,lr.  , Appl  . Opt.  lb, 
2.1.1.1-2334,  (19’7). 

2.  C.H. Palmer  and  R.f. Green,  Jr.,  Pt\>c.  of  the  ARPA 
AIML  Review  of  Progress  in  NOt  , June  14-18.  \OJ7. 


THERMOCOUPLE  3*3*40min 


fig  1.  Acoustic  emission  InterferiVieter 


t iq  .' 


Mounting  for  twinning  specinvns 


-•-lOO’C 


fj.sec 


tffect  of  temperature  on  twin  signals  in 
indium.  Traces  A and  B;  temperature 
190°C,  gain  500  mVolts/Div.  Traces  C 
and  0:  Temperature  +100°C,  Gain  200 
m Volts/div. 
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. 4.  Rise  time  measurements.  Trace  A:  Stress 
corrosion  cracking  in  E4340  steel  (note 
sweep  indication).  Traces  B and  C: 
twinning  in  indium,  temperature  -igO'C. 
All  measurements  within  1 mm  of  AE  source 


20/iSEC 


Fig.  5.  Characteristic  acoustic  emission  signals.  Left:  Indium  twinning  measured  at  tne  specimen  end. 
Temperature  20°C.  Right:  Phase  change  in  Iron  wire,  temperature  about  9nO°C. 


ULTRASONIC  TEST  INC -- 

RECONSTRUCTION  OF  REFLECTORS  FROM  TIMI -DELAY  AND  AMPLITUDE-LOCUS  CURVES 
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ABSTRACT 

For  ultrasonic  testing  (pulse-echo  or  tandem)  the  surface  of  a test  piece  is  scanned  by  a probe  or 
a probe  array.  Time-delay  and  amplitude  for  each  pulse,  locus  of  incidence,  reflector  inside  the  beam 
and  wave  path,  are  measured.  Shape  and  position  of  reflectors  are  reconstructed  from  time-delay  locus 
curves.  In  addition,  isolated  amplitude-locus  curves  derived  from  measurements  are  compared  to  calculations 
for  several  reflector  modes.  The  best  fitting  model  is  selected.  Diameter  or  width  and  inclination  are 
determined . 


Physics  and  science  in  general  are  the  most 
important  resources  for  progress  in  NOT.  Real 
industrial  problems  are  complicated.  Normally, 
they  cannot  be  solved  just  by  applying  physics, 
mathematics,  computer  science,  etc.  it  is  the  aim 
of  NOT  research  to  solve  industrial  problems  or 
to  contribute  to  solutions.  Therefore,  beside 
applying  science,  decisions  based  on  practical 
experience  and  engineering  comrton  sense  are  in- 
volved in  any  major  innovation  in  NDT. 

In  ultrasonic  testing  the  basic  unsolved 
problem  is  RECONSTRUCTION  OF  REFLECTORS  from 
measurements  obtained  by  scanning  a component  to 
be  tested  with  small  probes  or  probe  arrays. 
Amplitude,  phase  or  time  delay,  and  spectrum  are 
measured  or  at  least  can  be  measured  for  each 
position  of  the  probes  where  a pulse  is  emitted. 
What  finally  is  obtained  are  cross  sections 
through  the  radiation  patterns  reflected  from 
defects  or  other  obstacles.  When  amplitude,  phase 
and  spectrum  are  measured  physically,  it  is 
possible  to  reconstruct  reflectors.  There  are 
se'eral  ways  to  do  it;  e.g.  holography  (1-4), 
synthetic  aperture  (5),  spectrum  analysis 
(6-14),  inversion  of  scattering  patterns  (15-19', 
etc.  None  of  these  possible  procedures  to  re- 
construct reflectors  is  welt  enough  developed  for 
full  practical  application  but  all  basically  are 
well  understood. 


Fig.  1.  Reconstructions  of  a flawpattern  in  an 
ungrounded  plated  test  specimen. 
Material : 12  NiMoCr  37 

Cladding:  23  Cr/11  N1 

Surface  roughness  65  um 


In  the  first  Fig.  the  ultrasonic  hologram 
was  picLed  up  through  an  austenitic  cladding  in 
an  as  weld  condition;  in  the  second  the  cladding 
was  ground  and  in  the  third  the  specimen  was  not 
cladded  at  all.  It  is  clearly  shown  that  the 
cladding  and  especially  the  surface  of  the  clad- 
ding causes  serious  disturbances  of  the  hologram. 
Similar  disturbances  are  to  be  expected  for 
other  phase-sensitive  methods  like  synthetic 
aperture.  For  reasons  previously  mentioned  and 
others  there  are  limitations  on  the  application 
of  phase-sensitive  reconstruction  methods. 


In  a practical  case,  a decision  has  to  be 
made  as  to  the  methods  of  reconstruction.  For 
such  a decision  not  only  testing  procedures,  data 
acquisition,  mathematical  models  for  reconstruc- 
tion, but  also  disturbances  which  happen  during 
the  testing  procedure  have  to  be  considered. 

We  present  in  this  paper  an  ultrasonic  test- 
ing system  involving  twofold  reconstruction.  The 
system  primarily  has  been  developed  for  in-service 
inspection  in  the  nuclear  Industry,  but  it  can  be 
applied  more  generally.  With  regards  to  materials 
integrity  and  for  safety  demand,  the  primary 
circuit  and  therein  the  reactor  pressure  vessel 
are  most  Important.  This  vessel  is  cladded  with 
austenitic  stainless  steel.  Most  of  the  in-service 
inspection  is  done  under  water  from  the  inside. 

The  welded  cladding  as  well  as  the  water  coupling 
gaps  are  sources  for  phase  disturbances.  As  an 
example.  Figs.  1-3  show  holographic  reconstruc- 
tions of  a pattern  of  flat  circular  reflectors 
(20). 
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Fig.  2.  Reconstructions  of  a flawpattern  in  a 
plated  test  specimen. 
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I U).  i.  lest  spi'i  imen  without  cl.uloinii. 
f low  Jt'pth:  100  mil 

us- (ri'HUPiicyi  h Mil/ 

Typtcol  linear  illim'iisioiis  tor  Itiiilts  of  de- 
tection deitkinded  tor  hlij  foriilmis  are  mi  1 1 Inn-ters  ; 
that  nHMiis  kd  b lor  lrei|uencles  In  the  10  Mil/ 
raiuie.  When  the  sl/e  of  an  obstacle  is  smaller  or 
eipial  to  the  wavelomjths,  Imagliuj  Is  not  .ipproprl- 
ato.  In  thick  forgings,  plates  and  components  tab 
ricatlon  or  operation  Induced  defects  may  occur 
which  are  bigger  or  even  much  bigger  than  a wave- 
length. Inwiglng  in  this  case  is  the  most  appropri- 
ate evaluation  method  to  reconstruct  detects.  Mils 
situation  demands  the  twofold  approach  based  on 
scattering  iiKidels  for  the  smaller  delects  and 
liii.iging  for  the  bigger  ones.  The  kev-teniis  of  the 
system  we  have  developed  are  given  in  I ig.  ^ 
(Id.t’l.??). 

- sotnpling 

- pulse  echo,  tandem,  through-  transmission, 

- amplitude- and  time-delay- locus-curves, 

- eiiminalion  of  stochastic  and  coherent 
background  by  time  deloy-locus-curves. 

-resolving  reflectors  by  time-delay-locus- 
curves. 

- reconstruction  of  borders  of  reflectors 
by  time-delay- locus-curves. 

- determination  of  the  type  of  reflector  by 
palfern  recognition  methods  using  diffraction 
theory, 

-determination  of  the  selected  types 
llg.  ‘1.  Stops  of  flaw  reconstruction. 


Ihe  iiM.lor  features  of  the  system  are  described 
he  I ow . 

Ily  means  of  automatic  testing  procedures, 
data  for  each  particular  reflector  are  sampled 
from  different  positions  of  the  probes.  At  least 
In  the  far-lield  of  Ihe  incident  beam  reflectors 
normally  are  smaller  than  the  beam  diaiiv'ler. 
therefore,  the  reflector  Is  covered  by  tlie  beam 
for  several  positions  of  the  probe. 

Ihe  probe  array  used  for  pulse-echo  and 
tandem  testing  and  also  through  transmission  Is 
shown  In  Mg.li.  this  array  meets  the  demands  of 
the  I'lerman  regulations  lor  In-service  Inspection 
In  the  mu  I ear  Industry  (2.1). 
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I ig.  Ii,  I’roho  array  lor  testing  pro'-surr  vessels. 


Ihe  first  and  Ihe  last  probes  are  used  for 
through-transmission  and  pulse-echo  Irom  two  di 
lections.  Ihe  probes  in  between  are  transmillers 
for  tandem  measurements.  Ihe  tandem  technigue 
covers  cracking  at  the  "wrld-base  iiwtal"  Intortace 
Ins i de  t he  wall. 

tor  each  pulse-echo  or  tandem  shot  amplitude 
and  tiiiH'-delav  of  eat  h peak  are  im'asiired.  Ampli- 
tude and  time  delay- locus-curves  are  obtained, 
typlial  curves  are  shown  In  Mg.b  lor  vertical 
and  obllgue  incidence,  lor  each  ret  lector  several 
I liiH'-delay-Iocus-i  urves  are  obtained;  lig.f; 
two  lor  direct  access  trom  the  left  and  the  right 
side,  two  iixire  tor  access  through  bottom  ret  lei - 
lions  and  up  to  eight  imire  curves  due  to  the  side 
lobe  reflections.  Nomially  wide  beams  are  used. 
More  than  one  ref  lei  lor  can  be  Inside  the  beam 
for  the  same  position  of  the  probe,  liut  ttu'  tliix' 
del  ay- 1 ocus -curve  will  be  different  for  e.u  h re- 
f 1 ec  tor . 

In  reality,  the  tlim'  ilelay- locus-curves  are 
diflereiit  from  those  shown  In  iig.b.  Ihere  may  be 
ladings  due  to  I lui  I nations  or  si  at  ter  mg  at  the 
b.u  k wall.  Also  stochastic  and  coherent  noise  may 
occut  An  example  is  shown  In  I Ig.fl.  Ihere  are 
welding  and  i>»'l  a I lurgli  a 1 detects  in  the  plate, 
besides  these,  Ihere  are  side-drilled  and  flat 
botloim'd  holes.  Noise  nmy  be  caused  by  scattering 
due  to  segregations,  or  at  Ihe  surfaces  and  out 
side  the  svstem. 
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llg.  h.  Ivplial  signal  loius  lurves. 
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Fig.  8.  Time  delay  locus  curves  testing  values 
with  noise. 
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Fig.  9.  Time  delay  locus  curves  testing  values 
without  noise 


Fig.  10.  Flaw  border  reconstruction  through 
i)  points  of  intersection 
b)  circular  sectors 


Whatever  the  source  of  the  noise,  and  inde- 
pendent of  whether  noise  is  stochastic  or  coherent, 
it  does  not  give  a time-delay-locus-curve  with  a 
regular  shape.  Therefore,  by  simple  algorithms, 
signals  belonging  to  the  locus  curves  caused  by 
reflectors  can  be  selected.  The  result  is  shown  in 
Fig.  9.  Moreover,  these  curves  have  been 
smoothed  and  completed. 

By  means  of  the  geometrical  procedures  indi- 
cated in  Fig.  10,  the  borders  of  any  particular 
reflectors  can  be  reconstructed.  Further  details 
are  given  in  (22). 

For  further  evaluation  using  scattering 
mathematics  (24,25),  only  those  amplitude  values 
are  selected  which  belong  to  time-delay-locus- 
curves.  The  measured  radiation  pattern  of  the 
emitter,  the  reflector  and  the  receiver.  Moreover, 
the  distance  of  the  reflector  from  the  emitter 
and  receiver  is  involved.  Before  applying  diffrac- 
tion theory,  the  radiation  pattern  of  the  reflec- 
tor has  to  be  isolated.  This  can  be  done  by  known 
procedures  as  long  as  the  probes  are  properly  de- 
signed or  the  radiation  pattern  properly  measured. 
The  distance  Is  known  from  time-delay  measure- 
ments. 


Fig.  11  shows  the  result  after  isolation. 
The  measured  and  the  isolated  amplitude-locus- 
curve  are  shown. 


Fig.  11.  Isolated  amplitude-locus  curves 


In  the  case  of  an  isotropic  reflector  - globe 
or  cylinder  - a horizontal  line  is  obtained  as  an 
isolated  directivity  pattern. 

If  the  reflector  has  a directivity  itself, 
the  isolated  amplitude-locus  curves  are  no  longer 
linear.  Therefore  globular  and  flat  reflectors 
can  be  distinguished  by  their  directivity  patterns. 
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shows  d three-dimensional  reconstruction  a.^ain  not 
completely  cleaned,  and  Fig.  16  the  final  result. 


The  distance  law  allows  a decision  whether  a 
globular  reflector  is  more  like  a globe  or  a cy- 
linder and  whether  a flat  is  niore  like  a disc  or 
a strip  (26.27). 

Finally,  by  inverting  scattering  formula  the 
parameters  of  the  selected  models  can  be  deter- 
mined; diameters  of  the  globe  and  the  cylinder, 
inclination  and  diameter  of  the  disc  or  width  and 
inclination  of  the  strip  (19). 

The  block  diagram  of  the  whole  procedure  is 
shown  in  Fig.  12.  Typical  results  are  given  in 
Fig.  13;  in  the  first  two  columns  the  true  diame- 
ters, widths  and  inclinations,  in  the  next  two  the 
reconstructed  values  of  measurements  in  water 
using  the  procedure  described  above,  and  in  the 
last  column  data  obtained  by  the  'JUS  diagrams, 
i.e.  equivalent  diameters  of  a circular  disc 
perpendicular  to  the  axis  of  the  beam. 


Fig.  12.  Diagram  of  reconstruction  with  amplitude 
locus  curves. 
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Fig.  14.  Flaw  border  reconstruction  20. 


Fig.  15.  Flaw  border  reconstruction  3n. 


moWl 

J 

MEASUR 

Op  (mm] 

WENT 

tci 

RECONSTRUCTION 
Dplmmll  f I'l 

OGS-HE  THOO  | 
[^,lnm||  S 1*1  ' 

SPHfRt  .S{  0 

- 

}ji* 

u • 

CYLlNlTf  K ^ 

.« 

- 

3.9  • 

- 

45  ♦ 

t 

S'Pie  2?!^ 

6 

3S 

6.3 

n 

11 

. 

disc 

8* 

40 

- 

5.1  • 

‘j 

L-  j 

Fig.  1J.  Results  of  reconstruction. 


Fig.  16.  Final  result  of  flaw  border  reconstruc 
tion  3D. 

At  present,  work  is  continuing  on  the  task 
of  completing  hard-and  software  and  on  obtaining 
further  approval  for  test  blocks  and  components 
with  real  defects.  The  DISC  blocks  as  well  as 
others  have  been  investigated. 

We  wish  to  use  the  last  two  figures  to  give 
an  impression  about  the  experimental  devices. 

Fig.  17  shows  a central  mast  manipulator  which 
fits  as  well  in  our  laboratory  water  tank  and 
in  an  experimental  pressure  vessel  (28).  The 
ultrasonic  equipment  (29)  for  activating  the 
probes  measuring  amplitude  versus  time-delay, 
searching  peaks  and  measuring  peak  amt'litude  and 
related  time-delay  is  shown  in  Fig.  18. 


In  the  last  figures  the  border  reconstruc- 
tion is  demonstrated  by  means  of  a test  block  with 
side-drilled  and  flat  bottomed  holes.  Fig.  14 
shows  a two-dimensional  reconstruction  using 
locus-curves  obtained  from  four  directions.  The 
reconstruction  is  not  completely  cleaned.  Fig.  15 


This  work  has  been  performed  in  scope  of  the 
■■eactor  safety  research  program  of  the  Federal 
Ministry  of  Research  and  Technology  (.TO). 
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Mg.  18.  Ill  trasonii;  fguiimn'iit . 
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srriheri  a ^ measuring  inhomogeneous  stress  fields  in  externally  loaded  solids  is  de- 

fhil  requires  a measurement  of  transit  time  of  a longitudinal  acoustic  wave  through  a 

merh!n?r;.n’  metal  specimen  using  a small  diameter  water-coupled  acoustic  transducer.  The  transducer  is 
%ntnor  n Surface  of  the  sample  by  a computer  controlled  system  to  take  streL  field 

nxnl?  r H Samples  investigated  include  an  aluminum  plate  with  a centrol  hole,  a double  edge-notched 

mtn!  nf  P"'’"'-  'n  addition  to  measuring  stress  fields,  the  nondes  ructive  deter- 
mination of  stress  intensity  factors  is  also  discussed.  nunuesiruccive  oeter 


INTRODUCTION 

An  ultrasonic  technique  has  been  developed  for 
the  measurement  of  acoustic  wave  velocity.  By  use 
of  a mechanically  scanned  transducer  the  technique 
has  been  employed  to  measure  stress  variations  across 
several  different  types  of  metal  samples.  Measure- 
ments are  made  through  the  thickness  of  planar  metal 
samples  by  normally  incident  longitudinal  waves.  A 
mechanical  scanning  system  is  used  to  move  a water 
coupled  acoustic  transducer  from  point  to  point  on  a 
stressed  specimen  and  acoustic  transit  time  varia- 
tions with  applied  stress  are  measured  at  each  point 
in  the  scanned  area. 

As  a calibration,  uniaxial  tension  specimens  of 
aluminum  and  steel  have  been  tested  to  determine  the 
third  order  elastic  constant  governing  the  depen- 
dence of  velocity  on  stress  with  results  comparable 
to  earlier  measurements. Acoustic  behavior  of 
aluminum  and  steel  have  been  examined  and  inplane 
loaded  panels  containing  edge  notches  and  central 
holes  have  been  scanned.  These  tests  are  conducted 
in  a specially  constructed  hydraulically  operated 
testing  machine  that  permits  specimen  loading  and 
transducer  scanning  in  a water  bath.  The  scanning 
and  measurement  systems  are  automatically  controlled 
by  a minicomputer.  Data  is  stored,  processed  and 
plotted  to  produce  contour  maps  of  the  non-uniform 
stress  fields  in  the  scanned  areas. 

The  paper  summarizes  recent  work  carried  out  at 
Stanford  University  employing  the  ultrasonic  tech- 
niques described  above. 

EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 

Electronic  and  mechanical  systems  were  developed 
for  imaging  non-uniform  stress  fields  and  studying 
acoustoelastic  effects.  An  unfocused  3 mi  diameter 
commercial  longitudinal  wave  ultrasonic  transducer 
was  used  in  a reflection  mode  near  a 12.5  MHz  oper- 
ating frequency.  The  metal  samples  employed  were 
typically  10  nm  thick.  Imnersion  of  the  transducer 
and  specimen  in  water  provided  an  acoustic  path  and 
permitted  easy  scanning  of  the  transducer.  Two- 
dimensional  motion  and  location  of  the  transducer  at 
measurement  positions  is  accomplished  by  a perpen- 
dicular pair  of  digital  stepping  motor  driven  trans- 
latory  slides.  These  slides,  manufactured  by  Uni- 
slide  Corp. , have  a 250  mm  span  and  a positioning 
accuracy  of  0.1  mm. 


A loading  machine  with  tensile  and  compressive 
load  capability  of  100,000  Newtons  was  developed  for 
these  experiments.  The  machine  has  provisions  for 
precisely  maintaining  the  relative  position  and 
alignment  of  transducer  and  specimen.  A water- 
filled  tank  for  iitmersion  of  the  specimens  and 
transducer  is  an  integral  part  of  the  assembly. 
Loading  is  provided  by  a hydraulic  cylinder  supplied 
with  oil  at  an  accurately  controlled  pressure.  A 
Lebow  Resistance  Bridge  Load  Cell  monitors  the  ap- 
plied force.  Specimens  are  held  in  pinned  grips 
which  reduce  aligr.nient  and  bending  errors. 

Point  by  point  acoustic  measurements  along 
straight  lines  at  one  millimeter  spacings  are  taken 
over  areas  as  large  as  20  cm^.  These  measurements 
are  repeated  for  each  value  of  applied  load.  Col- 
lection and  analysis  of  this  data  is  handled  by  a 
POP-llT-10  minicomputer.  By  using  interpolation  on 
the  computer,  X - Y plots  showing  stress  field  con- 
tours of  the  scanned  area  can  be  generated  for  each 
load  level.  Artificially  generated  fringe  contours, 
similar  to  photoelastic  stress  images  can  also  be 
displayed  on  a TV  screen. 

The  electronic  system  for  making  precision 
acoustic  measurements  was  designed  with  the  aim  of 
carrying  out  all  measurements  under  computer  control. 
Thus  techniques  such  as  the  usual  pulse  overlap  meth- 
ods were  not  appropriate.  We  employed,  however,  a 
modification  of  the  pulse  echo  overlap  technique.  A 
longitudinal  acoustic  pulse  from  the  transducer  tra- 
verses the  water  path  to  be  reflected  by  the  front 
and  back  faces  of  the  specimen  is  indicated  by  time 
delay  in  the  return  of  the  back  echo  after  the  front 
echo.  Variations  in  transit  time  are  measures  of 
changing  thickness  and  pulse  velocity.  Because  the 
returning  pulses  travel  the  same  water  path,  varia- 
tions in  temperature  and  water  path  length  should 
not  affect  the  transit  time  measurement.  The  time 
separation  of  the  two  transmitted  pulses  is  adjusted 
to  be  equal  to  the  transit  time  through  the  specimen 
and  back  so  the  front  and  back  face  echos  overlap. 

The  total  phase  change  between  the  front  and 
back  face  echos  is 

t = 2ai  d/V  (1 ) 

where  w is  the  radian  frequency  of  the  rf  carrier, 
d the  sample  thickness  and  V the  acoustic  velo- 
city. Because  the  sample  thickness  and  acoustic 
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velocity  are  dependent  on  stress,  the  phase  of  the 
eiiierginy  pulse  is  altered  by  changes  in  applied 
stress,  as  it  is  by  a change  in  frequency.  So  by 
logarithmically  differentiating  £g.  (I)  it  will  be 
seen  that 


•^4  , ^ > -'I  . AV  (2 

d V 

If  zero  phase  change  • 0)  is  maintained 
during  the  measurement  by  adjustment  of  frequency 
,0  . then 


^ ^ \d  aV 

V ■ d V 


(3) 


The  system  for  phase  change  measurements  as 
well  as  other  details  are  described  in  a forthcom- 
ing paper.  ■■  The  system  is  capable  of  setting  a 
null  at  1<!.S  to  within  60  cycles,  or  b parts  in 

lO". 

EXPERIMtNTAL  RESULTS 


SCAN  L INES 
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Uniaxial  Homoijenepus  Tension . The  initial 
tests  were  performed  on  aluminum  and  steel  uniaxial 
tension  specimens  and  panels.  For  the  plane  state 
of  stress  of  these  specimens,  the  transverse  strain 
is  i,.  * .id/d  and  velocity  change  aV,/V.|,  is 
proportional  to  the  sum  of  the  principal  stresses. 
Thus  it  follows  from  Eq.  (3)  that  the  relative  fre- 
quency change  is  proportional  to  the  sum  of  the 
principal  stresses  or  first  stress  invariant. 

V-  Si 

where  B is  the  proportionality  constant. 

Uniaxial  specimens  machined  from  a rolled  bar 
of  b0bl-T6  aluminum  and  a plate  of  pressure  vessel 
steel*  were  used  to  deteniiine  B . All  specimens 
were  loaded  parallel  to  the  rolling  direction.  The 
aluminum  specimen  had  a (12.0  x 12. b)  iin  x 75  n<ii 
long  measurement  section.  Strain  gages  were  ap- 
plied in  both  longitudinal  and  transverse  direc- 
tions. For  aluminum  the  value  of  B was  found  to 
be  B - 18  X 10-'MPa-‘  . 

For  steel  the  measured  value  of  B is  2 x 
10"'MPa''  again  consistent  with  previous  work"'. 
Because  system  accuracy  is  b parts  in  10",  the  limit 
of  stress  resolution  for  aluminum  and  steel  are  re- 
spectively 0.28  MPa  and  2.b  MPa. 

Specimen  with  Central  Circular  Hole.  A second 
set  of  measurements  was  then  carried  out  on  a speci- 
men whose  state  of  stress  was  inhomogeneous.  For 
this  purpose  a 6061-T6  aluminum  panel  with  a central 
hole  was  chosen  because  comparison  could  be  made 
with  the  available  theoretical  solution  for  this 
plane  stress  problem."  The  panel  dimensions  were 
63  X 120  X 10  mm  with  a 19  mm  central  hole  as  illus- 
trated in  fig,  1 One  quadrant  of  the  panel  was 
scanned  as  shown  with  a I inn  point  spacing.  A scan 
at  zero  load  provided  initial  data  for  the  deter- 
mination of  relative  changes. 

* - WpTied  by  Dr.  X.  Stahlkopf,  EPRl,  Palo  Alto, 

CA 


fig.  1 Specimen  geometry  for  6061 -T6 
aluminum  panel  with  central  hole. 


Experimentally  and  theoretically  determined 
contours  of  the  first  stress  invariant  normalized 
with  respect  to  the  far  field  uniaxial  stress  are 
in  Fig.  2 for  a far  field  stress  of  85  MPa.  The 
theory  for  this  finite  panel  predicts  that  the 
stress  maximum  at  the  edge  of  the  hole  is  approxi- 
mately 3.3  times  the  remote  uniaxial  stress  and 
that  the  top  of  the  hole  is  in  a state  of  lateral 
compression.  It  will  be  seen  from  the  figure  that 
the  experimental  results  are  in  good  agreement  with 
the  theory  throughout  the  panel.  In  particular, 
the  contour  separating 
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fig.  2 Stress  contour  plots  of  results 
tor  6061-16  aluminum  panel  with  central 
hole;  normalized  stress  invariant 

Theory  , • Acoustic  experiment  . 
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the  compressive  and  tensile  regions  is  well  defined 
experimentaliy . The  value  of  the  acoustoelastic 
constant  B used  in  Figure  1 is  that  value  which 
was  determined  by  the  uniaxial  test.  The  value  of 
8 which  gives  the  best  fit  of  the  experimental 
data  to  theory  differs  from  B (uniaxial)  by  less 
than  bi. 

Double  tdje-Notched  ^ecimen.  In  another  set 
of  exper'ments  a double  edge-notched  panel  under 
remote  tension  was  scanned  and  stress  field  contours 
prepared.  The  width  and  thickness  of  the  specimen 
illustrated  in  fig.  .i  are  60  mm  and  rt  nri.  Two 
col  linear  20  nm  deep  notches  with  a O.b  nni  root 
radius  were  cut  perpendicular  to  the  panel  edges. 
Stress  field  contours  obtained  for  a load  of  JO. 000 
Newtons  and  1 imi  scan  point  spacing  are  shown  in 
Fig,  4 with  a numerical  elastic  solution  for  com- 
parison. The  results  give  a value  of  B within  a 
few  percent  of  that  for  the  calibration  sample. 
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iig,  ,i  Specimen  geonx?try  for  double  edge- 
notched  bObl-Tb  aluminum  panel  showing  scanned 
area  dimensions  in  millimeters. 


Single  tdge-Notched  Speciim'n.  Figure  b shows 
the  geixnetry  of  the  single  edge-notched  specimt'ii 
used  in  this  study.  The  speciim'n  is  mc'chanical  1y 
loaded  by  snxioth  pins  through  the  shoulders.  A 
crack  has  been  machined  into  the  specinx’n,  but  it  is 
not  fatigue-sharpened  at  the  root.  The  speciim'n  in 
this  condition  will  sustain  larger  loads  without 
yielding  or  fracturing.  It  was  loaded  to  S x ION 
and  .\f- f was  measured  at  1 inn  intervals  in  a re- 
gion JO  X JO  mil.  The  acoustic  transducer  recorded 
the  information  in  the  vicinity  of  the  crack  tip  by 
moving  in  a vertical  raster  pattern. 

figure  6 is  a photograph  of  a computer  inter- 
polation of  \f/f  in  the  crack  tip  region.  The 
crack  is  on  the  upper  left  hand  side  of  the  photo- 
graph and  was  intentionally  not  centered  in  the  JO 
X JO  mesh.  The  acoustic  fringe  contours  are  remi- 
niscent of  photoelastic  patterns  at  crack  tips  hut 
for  this  case  we  observe  the  sum  rather  than  the 
difference  of  the  principal  stresses.  The  singular 


I ig.  4 stress  and  freguency  contour  plots 
of  results  for  b061-Tb  aluminum  double  edge- 
notched  panel  JO, 000  Newton  tensile  load. 
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Mg.  b Specimen  geonH'try  tor  single  edge- 
notched  bObl-Tb  aluminum  panel. 


stress  tenn,  trom  the  linear  elastic  cr.uk  tip 
stresses  is  known  to  be 

K 

cos  (:•/;')  (bl 

' t.’-r) 

where  r i'  the  distance  from  the  tip  of  the  cra.k 
to  the  field  point  and  is  the  angle  from  the  x 
axis  to  the  field  point.  The  cr.uk  tip  was  identi- 
fied as  approximateU  at  x u nm  , v • d nm  . Ihe 
product  (-r  .’)  -t  [IB  cos  t win,  h represents 
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Fig.  6 '"ofliputer  generated  representation 

of  Oj  > 0^  near  the  crack  tip. 

the  stress  Intensity  factor  K , was  calculated 
after  positive  frequency  measurements,  and  plotted 
as  a function  of  6 (I  Fig.  7a()  and  as  a function 
of  r (I  Fig.  7b«)-  if  the  stress  field  were  to 
contain  only  the  singular  term,  and  if  the  crack 
tip  was  positioned  correctly,  then  the  ordinates  in 
Figs.  7a  and  7b  should  be  independent  of  n and 
r , respectively.  For  large  values  of  ii  and  for 
very  small  and  large  values  of  r , however,  the 
singular  stress  term  does  not  represent  well  the 
actual  state  of  stress.  It  is  for  this  reason  that 
k depends  on  t>  and  r in  Figs.  7a  and  7b  , re- 
spectively. 

For  the  applied  load  of  5 x 10“  N , the  theo- 
retically calculated  stress  intensify  factor  has 
the  approximate  value  K * 17  MPa  m-'  , as  shown  by 
the  horizontal  line  in  Figs.  7a  and  7b  . This  num- 
ber correlates  well  witn  experimental  data. 

Direct  Measurement  of  tjie  J-lntegral . Rice's 
path-independent  J-integral  has  been  directly  deter- 
mined experimentally  in  a single  edge-notched  speci- 
men by  measuring  the  contributions  to  J along  a 
convenient  path  surrounding  the  crack  tip.  It  is 
well  known  that  the  J-integral  represents  the  crack 
extension  force  (or  energy  release  rate)  and  is  re- 
lated to  the  stress  intensity  factor  K , 

The  J-integral  is  defined  as 


J ■ I (Wdy  - T • ds)  (6) 

Here  r is  a curve  surrounding  the  crack  tip,  the 
integral  being  evaluated  in  the  counter  clockwise 
sense  starting  on  the  lower  crack  surface.  T is  a 
traction  vector  defi^ned  according  to  the  outward 
normal  along  r . u is  the  displacement  vector,  W 
is  the  energy  density,  x and  y are  rectangular 
coordinates  and  ds  is  an  element  of  arc  length 


Fig.  7a  An  exoerimental 
(nr/^)^^f/^fB  cys  (e/2)] 
for  different  r . 
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Fig.  7b  An  experimental  plot  of 
nr/2)’,\f/[fH  cos  tt</2)l  as  a function  of  r 
or  different  0 restricted  to  ‘45“. 


along  r . The  value  of  J in  this  study  is  to  be 
evaluated  by  measuring  W , T and  .>u/,'x  on  an 
outer  path  of  the  test  specimen. 

The  test  specimen  shown  in  Fig.  b was  in- 
strumented with  10  strain  gages  on  the  outside  edges 
of  the  sample.  The  gages  are  placed  only  on  the 
upper  half  of  the  specimen  from  synmetry  considera- 
tions. The  displacement  of  the  upper  shoulder  of 
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the  specimen  relative  to  the  lower  shoulder  was 
measured  usiny  displacement  jayes,  linear  variable 
differential  transformers  (LVDT),  between  A-A  , 

B-B  and  C-C  . 

The  path  used  to  evaluate  J is  shown  by  the 
dashed  line  on  the  upper  half  of  the  sample.  On 
the  vertical  sides  of  the  sample  T • 0 so  the  con- 
tribution to  J is  only  from  /Wdy  . Across  the 
top  of  the  sample,  dy  ■ 0 and  ds  » dx  so  only 
T (Ju/.ix)  dx  contributes  to  J . H is  evalu- 
ated from  the  strain  ijages  on  the  vertical  sides  of 
the  specimen.  W • 1/2  with  E - Young's  modu- 
lus and  1 the  strain,  for  a traction-free  plane 
stress  boundary.  It  has  been  assumed  that  the 
material  where  the  gages  are  placed  is  linearly 
elastic.  If  the  entire  specimen  is  linearly  elas- 
tic, W is  proportional  to  P , where  P is  the 
load  on  the  sample.  The  dimensions  of  the  specimen 
were  chosen  such  that  the  strain  just  below  the 
shoulders  would  be  approximately  uniform.  This  is 
achieved  by  making  the  sample  long  with  respect  to 
the  crack  length.  The  unifonn  strain  produces  two 
effects:  first,  W on  the  cracked  and  uncracked 
side  of  the  sample  approach  the  same  value  and 
therefore  the  next  contribution  of  'Wdy  to  J in 
these  regions  is  tero;  secondly,  a uniform  stress 
state  allows  .'u/Jx  to  be  evaluated  using  only 
several  points  across  the  specimen. 

The  strain  gage  outputs  were  linear  with  load. 
The  contribution  to  J/EP-  was  found  to  be 
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The  evaluation  of  - T (lu/.'x)  dx  across  the 
top  of  the  spei imen  was  experimentally  found  by 
recording  u on  three  displacement  gages  across  the 
specimen  (see  fig.  h ).  It  has  been  assumed  that 
TyUy  only  contribute  to  the  integral  on  this  bound- 
ary. If  t is  constant,  then  .,u  across  the 
sample  only  needs  to  be  im'asured.  If  the  upper 
boundary  is  rigid,  such  that  the  rotation  'u,  'x  is 
constant,  then  /Tdx  • P/b  , P/b  and  the  rotation 
would  be  used  to  evaluate  the  contribution  to  J . 
For  the  specimen  geometry  tested,  a nearly  constant 
stress  with  a nearly  rigid  rotation  has  been 
achieved.  Note  that  T and  .>u/.'x  are  both  pro- 
portional to  the  load  for  a linearly  elastic  sample, 
thus  J is  proportional  to  P , as  is  well  known 
in  linear  elastic  fracturi  mechanics.  The  contribu- 
tion to  J/EP'  from  the  upper  and  lower  boundary 
was  found  to  be 

l .%  X 10''^  (B) 


The  total  contribution  to  J is  found  by  adding  (7) 
and  (8) 


J • 2.21  X ur 


The  equivalent  stress  intensity  value  Is 
k • IJE/(1  - v)]  for  plane  strain  tracks.  Thus, 
the  experimental  method  permitted  to  measure  k/t 
The  value  In  (g)  may  be  compared  with  the  analytic 
handbook  value  [7],  assuming  our  nx'asured  value  ol 


E • 7.03  X 10 


is  correct,  which  is 


J ■ 2.15  X 10‘'^P  E "r  (5) 

There  is  excellent  agreement  between  the  theoreti- 
cal value  and  the  value  measured.  Note  that  only 
about  lot  of  the  value  of  J comes  from  the  vert- 
ical part  of  the  integral  for  the  specimen  of  our 
geometry.  The  measurement  of  that  contribution  to 
J has  been  carried  cut  also  using  acoustic  tech- 
niques, but  the  accuracy  was  somewhat  smaller  than 
employing  strain  gages. 

CONCLUSIONS 

It  has  been  shown  that  quantitative  acousto- 
elastic measurement  of  stress  field  profiles  can  be 
made.  The  highly  precise  measurements  can  be  made 
over  large  areas  of  relatively  thin  specimens. 

Ongoing  and  planned  work  concerns  the  acoustic 
behavior  of  plastically  yielded  material,  scanning 
measurements  with  shear  wav^s.  investigation  ot 
three-dimensional  states  of  stress,  study  of  curved 
specimens  and  improved  technigues  for  measuring 
stress  intensity  factors  at  crack  tips. 
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DISCUSSION 


W.  Sdchse  (Cornell  University);  Did  1 understand  you  correctly  to  say  that  these  wasurements  you  showed 
us  were  longitudinal  waves  only? 

G.  Hermann  (Stanford  University);  Yes. 

W.  Sachse;  Well.  I guess  maybe  that  it  is  just  a matter  of  seiiwantics,  but  I think  that  carrying  over  the 
photoelastic  ideas  to  these  i)articular  measurements  and  calling  them  acoustoelectric  measurements  is 
probably  not  guite  right  because,  in  the  photoelastic  technigue,  as  I understand  it.  it  is  infringe- 
ment induced.  They  are  shear  waves, 

G.  Hermann;  I say  acoustoelectric  in  the  sense  that  we  have  the  coupling  between  the  stresses  on  the  one 
hand  and  acoustics  on  the  other  hand.  It  doesn't  have  to  be  precisely  the  saw  type  of  wave. 

W.  Sachse;  Except  that  1 think  the  interference  here  is  alnwst  like  electronic  interference.  Yi j are 
Interfering,  as  I understood  your  schematic  diagram,  the  incident  bursts  (RE  bursts),  with  bursts 
having  traveled  through  a specimen. 

G.  Hermann;  Yes. 

W.  Sachse;  Thus,  it  is  really  a non-linear  elastic  effect. 

G.  Hermann;  Yes. 

W.  Sachse;  It  is  by  infringement.  There  are  two  waves. 

Gordon  Kino  (Stanford  University);  It  is  still  a photoelastic  effect  between  light  and  elastic  waves. 

This  is  photoaroustic--not  elastic. 

Robert  Green  (Johns  Hopkins);  Not  in  the  definition  of  photoelasticity  as  defined  in  the  standards. 

Maybe  the  name  photoelasticity  is  all  right.  But  Sachse  is  right  if  you  are  going  to  be  a purist 
and  talk  about  photoelasticity. 

G.  Hermann;  I think  the  German  word  for  photoelasticity,  which  is  phononoptic,  is  perhaps  even  better 
because  there  it  relates  stresses  with  optics  Here  we  relate  acoustic  with  stresses. 

W.  Sachse:  It  is  a semantics  guestion.  I have  a more  serious  guestion.  How  wide  is  your  transducer? 

G.  Hermann:  Three  millimeters. 

W.  Sachse:  Is  that  the  spacing  between  points? 

G.  Hermann:  No.  The  spacing  between  points  is  one  millimeter. 

Gordon  Kino:  The  actual  beam  is  probably  a little  smaller,  even  though  the  actual  diameter  of  the 
transducer  is  three  millimeters.  The  effective  beam  is  smaller  and  it  gives  some  averaging, 
which  helps. 

J.  Rice  (Brown  University):  I am  wondering  why  you  used  strain  gauges?  Wouldn't  your  wave  speed  cut  the 
procedure? 

G.  Hermann;  Yes.  The  time  set  for  this  particular  sample  for  this  particular  measurement  was  not  guite 
the  ideal  one,  as  I understand  it,  to  make  the  measurements  along  the  rims.  The  strain  gauges  gave 
us  a little  bit  better  data  than  the  acoustic  measurements. 

J.  Rice;  So  you  can't  get  too  close  to  the  edge  of  the  specimen  with  acoustic  measurements? 

G.  Hermann:  Yes,  I think  that  is  a problem. 

P.  Hildebrand,  Chairman  (Battel le-Northwest) : I will  entertain  one  more  guestion. 

Bernard  Budiansky  (Harvard):  George,  what  happens  to  acoustoelastici ty  in  the  presence  of  plastics  flow? 
Do  you  have  an  acoustoelasticity  theory? 

G.  Hermann:  That  is  a very  interesting  guestion  and,  as  I say,  we  are  pursuing  the  problem.  It  turns  out 
that  if  you  stress  the  sample  into  the  plastic  range  and  unload,  then  the  acoustoelastic  effect  dis- 
appears even  though  there  is  permanent  strain  there.  But  we  have  no  handle  whatsoever  on  the  mechan- 
ism which  might  cause  this.  We  have  been  talking  to  people  like  Charley  Elbaum,  who  is  interested  in 
vibrating  dislocations  and  so  on,  but,  of  course,  we  need  something  nxire  phenomenological  and  on  a 
different  level  We  don't  understand  it.  The  biggest  difficulty,  you  see,  in  making  and  extending 
these  types  of  measurements  into  the  plastic  range  is  that  you  have  no  more  the  proportionality 
between  the  strain  and  the  sum  of  the  principal  stresses.  That  is  the  difficulty  which  we  have  yet 
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to  overcome.  But.  as  I say,  we  have  some  encouraging  results  and  I have  just  no  time. 
P.  Hildebrand,  Chairman:  Thank  you.  I think  we'd  better  go  on. 
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ABSTRACT 

A direct  solution  of  t ^ ultrasonic  inverse  scattering  problem.  Known  by  the  acronym  POFFIS,  which 
stands  for  Physical  Optics  Far  Field  Inverse  Scattering,  has  been  developed.  This  technique  has  been  used 
to  reconstruct  the  shape  and  sice  of  both  simulated  and  real  void  flaws  in  materials 
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When  a wave  (e.g.,  acoustic,  elastic, 
electromagnetic)  propagates  through  a mediiiii,  the 
wave  ?i  deformed  by  irregularities  in  that 
medium.  The  deformation  of  the  probing  wave  is 
character! St ic  of  the  irregular ity.  This  is  the 
basis  of  a Method  for  nondestructive  evaluation  of 
solid  materials.  A Known  high  frequency  probing 
wave  is  introduced  into  the  medium.  The  wave 
scattered  by  the  irregularity  is  observed.  The 
nature  of  the  irregularity  is  to  be  inferred  from 
the  nature  of  the  sc 'ttereo  wave. 

The  type  of  problan  we  have  described  hero  is 
called  an  inverse  problem.  The  corres^xindi ng 
direct  problan  would  be  to  find  the  scattere^l  wave 
given  the  "incident  wave"  (probe)  and  the 
irregularities  of  the  mediun.  Inverse  problems  are 
often  attacked  indirectly;  t.e.,  one  solves  the 
direct  problems  for  prescribed  irregularities, 
seeking  an  irregularity  for  which  the  scatter^ 
wave  most  nearly  approximates  the  data. 

In  contrast,  we  are  engageo  in  research  on 
direct  solutions  of  the  inverse  probl®i.  An 
inverse  method  for  nondestructive  detection  of 
scatterers  of  high  contrast,  such  as  voids  or 
strongly  reflecting  inclusions  will  bedescribtHl 
here.  This  method  is  known  by  the  acronym  POfFlS, 
which  stands  for£hysical  Opt  ics  £ar  £ield  j_nverse 
Scattering,  In  this  nk'thod,  the  phase  and  range 
normalized  far  field  scattering  amplitude  is  shown 
to  be  directly  protvrtional  to  the  Fourier 
transform  of  the  characteristic  function  of  the 
scatterer.  The  characleri st ic  function  is  equal  to 
unity  inside  the  region  occupietl  by  the  scatterer 
anil  IS  zero  outside.  Thus,  Knowledge  of  this 
function  provides  a description  of  the  scatterer. 
However,  for  bandiimiteil  data,  it  is  easier  to 
reproduce  a directional  derivative  of  the 
characteristic  function.  These  ii^eas  were 
developed  in  a series  of  pajvrs^  . 


The  s^vcific  application  here  is  to  describe 
flaws  containeti  in  a sphere.  Observations  of 
backscdtter  acoustic  signals  are  made  on  the 
Surface  of  the  sphere-  The  following  formula  nuy 
be  derived  for  the  ratiial  derivative  of  the 
character! St  1C  function  (see  .’): 


v-,(x)  = aI  di:  X 
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Here,  R is  the  unknown  reflection 
coefficient,  > is  the  unknown  character! st ic 
function,  (•)  denotes  unit  vector,  A is  a Known 
constant  which  depends  on  the  source  conf lyurat ion, 
V is  the  range  normalized  bacKscaitered  ("pulse- 
echo")  impulse  respi;>nse  in  the  direction  Xq  at  a 
t ime  t * “ _i  • Xy)/C , is  the  radi  us  of  tne 

observation  spheTe  and  the  integration  d<.viain  is 
the  unit  sphere  with  variable  x^.  Thus 
implementation  of  the  PtUHS  result  requires  an 
integration  over  the  directions  of  observation  of 
the  scattered  data. 


We  now  present  the  results  obtained  fnv"  a 
Ctxnputer  impl ementat ion  of  this  "lethoo.  The 
cmiuter  progrjn  uses  either  simulated  flaws  or 
experimental  data  from  real  flaws  and  incor},vn'ates 
the  following  "real  world"  constraints:  (1) 
bandl imiting;  only  a limited  range  of  frequencies 
are  present  in  an  ultrasonic  pulse,  (^)  dj>erture 
limUing;  a flaw  can  usually  be  viewed  frem  only  a 
small  range  of  angles  due  to  the  geometry  of  the 
part  in  which  it  is  located. 


Several  types  of  graphical  display  of  the 
results  are  presented.  Consider  a longitudinal 
"slice"  through  the  flaw,  as  depicted  in  fig.  1. 

In  order  to  see  the  radial  derivative  function 
which  results  from  the  integration,  its  value  can 
be  displayeil  along  a mnber  of  radit  of  the  flaw. 
Two  suCh  radii  are  showi>  in  fig.  1.  This  type  o^ 
display  IS  useil  m figs.  ?-/.  The  estimatovi 
position  of  the  surface  ot  the  flaw  is  at  the  tH'ak 
of  the  radial  derivative  function  along  each 
radius.  A simple  display  of  the  estimated  sivuv 
a nd  s 1 ze  of  the  f 1 aw  i s obt  a i ntxl  by  pi  ot  1 1 ng  t he 
Kicus  of  these  ^H'ak  ;xisinons  in  a variety  ot 
radial  directions-  This  type  of  display  is  labeliM 
"flaw"  id  fig,  1,  and  is  used  in  figs.  8-13. 
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Ihe  first  tests  of  the  method  involved  the 
use  of  synthetic  Odck  scattered  data  frcin  a 
spherical  void  of  400  microns  radius.  The  value  of 
the  dimensionless  parawter  "k,a"  w.is  about  seven. 
Tests  were  run  with  ninety-eiyht  observations  and 
twi’  hundred  observations  around  the  Surface  of  the 
observation  sphere.  Output  of  the  type  in  Fiy.  I 
IS  plotted  for  a slice  at  longitude  0°  for  several 
latitudes. 

Figure  2 shows  the  result  for  ninety-eight 
observations.  Figure  3 shows  the  result  for  twi 
hundred  observat ions.  In  each  case,  the  manimuin 
error  in  location  of  the  boundary  is  less  than 

bl. 

The  above  cited  papers  also  develop  a theory 
for  dealing  with  data  given  over  less  than  the  full 
4"  steradians  of  the  observation  sphere  ..  For 
such  aperture  limited  data,  the  function  ?V/5t  in 
the  integrand  above  is  taken  to  be  zero  outside  the 
aperture  of  observation  and  the  same  integration 
formula  is  applied.  The  theory  predicts  that  only 
a txirtion  of  the  boundary  will  be  produced,  namely 
that  section  for  idiich  the  normal  to  the  boundary 
IS  in  the  aperture  of  the  non-zero  data. 

This  theory  was  tested  on  a series  of 
synthetic  evamples.  Figure  4 shows  the  output  when 
the  aperture  is  taken  as  a pair  of  optiosite  octants 
in  the  lower  hemisphere.  This  reguires  fifty 
observations  at  aperture.  Here  the 
longitudinal  slice  is  taken  syiiunetrical  ly  through 
the  aperture.  Figure  4 daionstrates  the  validity 
of  this  limited  aperture  theory. 

Figure  b depicts  the  output  v^en  the  a|.>erture 
consists  of  one  octant  - 2b  observations  or  12. b% 
aiierture  - in  the  lower  hanisphere.  Again  the 
output  slice  cuts  the  aperture  symmetrically. 

Figure  b shows  the  output  fran  a 7.5T 
aperture.  The  longitudinal  slice  is  taken  through 
the  center  of  the  aterture  and  the  appropriate 
quarter  circle  is  detected. 

Figure  7 tests  the  constraint  that  the 
dimensionless  p'arameter  of  the  theory  used  to 
predict  the  peak  across  the  boundary  really  ranain 
large.  Here  the  bandlimited  Fourier  transform  of 
the  characteristic  function  of  an  ellipsoid  is 
processed.  The  radial  derivative  still 
daiionstrates  a detectable  (leak , even  though  the  so- 
called  large  parameter  is  as  small  as  three.  In 
the  second  guandrant  the  true  boundary  (loir.ts  on 
each  ray  are  connectetl  and  the  coniputevl  boundary  on 
each  ray  are  shown  by  dots.  In  the  third  guandrant 
the  cn'iputed  boundary  points  are  connectevi  to  yield 
the  approviinate  ellipse. 

In  order  to  explore  the  robustness  of  the 
POtFIS  algorithm  with  respect  to  having  only  a 
limited  amount  of  data  available  in  the  tBuixjral 
domain  ( i .e.  , band  I iini  1 1 ng) , a set  of  calculations 
was  ,'erfoniied  using  a ''simulated  ultrasonic 
transducer."  This  transducer's  output  is  a maximun 
at  a center  frequency  f^j  and  drops  smoothly  to  zero 
by  zero  frequency  and  by  2 fg.  An  appropriate 
measure  of  the  "highness"  of  the  frequencies  being 
used  is 

ka  « 2 ” fg  a/v  ( . ) 


which  IS  numerically  equal  to  about  1/2  f^  in  MHz 
in  this  case.  Because  it  is  a higii  frequency 
technique,  POFFIS  would  be  expected  to  perform  less 
well  as  f^)  is  reduced. 

figure  B shows  the  estimated  flaw  Outline  for 
a 450  urn  sphere  inspiected  by  an  8 MHz  transducer 
(ka  • 4).  The  shape  is  wi’ll  reconstructed  and,  as 
the  statistics  accompanying  the  figure  show,  the 
size  IS  only  slightly  underestimated.  As  the 
transducer  frequency  is  reduced,  the  shapie  is  still 
well  reconstructed,  but  the  size  underestimation 
becomes  more  serious.  Figure  9 shows  the  case  of 
ka  ” 1.5.  Thus,  POFFIS  works  relatively  well  even 
at  frequencies  as  low  as  ka-P. 

Another  impxjrtanl  question  is;  how  coarse  can 
the  spatial  sampling  of  the  scattered  sound  field 
be  without  leading  to  incorrect  results.  In  other 
words,  how  Few  transducer  positions  are  needed? 

Figure  8 was  obtained  using  100  observations 
around  the  full  4ti  sterradian  solid  angle.  As  the 
njiiber  of  observations  is  decreased,  the  size  of 
the  flaw  remains  unchanged  but  its  outline  begins 
to  become  slightly  irregular,  tventually,  the 
algorithm  begins  to  make  errors.  Figure  10  shows 
the  case  of  using  only  8 observations  spiread  over 
the  entire  angular  range.  At  the  north  and  soutii 
poles,  substantial  errors  occurred. 

The  reason  for  these  errors  is  that  at  a 
given  frequency,  the  spiatial  sampling  must  be  fine 
enough  to  adequately  sample  the  rate  at  which  the 
scattered  sound  field  can  vary  with  angle.  A 
corollary  is  that  if  high  frequencies  are  used, 
more  observation  pxjsitions  are  needed.  Also,  more 
observations  are  needed  for  irregularly  shaped 
flaws.  A rule  of  thanb  for  sphere- like  flaws  is 
that  the  angular  separation  e between  observations 
obey 

2 

e < radians 

This  equation  is  an  angular  equivaleit  of  the 
Nyquist  sampling  theoren. 

In  Figs.  4-7,  it  w,is  shown  that  when  the  flaw 
is  observed  through  a liinitevl  apierture,  the  part  of 
the  flaw  facing  the  aperture  is  accurately 
reconstructed.  In  Fig.  11,  the  calculation  of  the 
surface  of  the  flaw  was  automatically  terminated 
when  the  amplitude  of  the  radial  derivative 
function  dropped  below  a stvcified  level.  In 
piractice,  this  level  could  be  the  noise  level  of 
the  ineasurBiieiit s.  In  this  case,  the  calculation 
was  allowed  to  continue  beyonit  the  edges  of  the 
afierture  and  the  characteristic  asymptotic  behavior 
is  seen.  A more  conservative  use  of  the  algorUhr. 
might  involve  also  terminating  the  calculation  at 
the  edges  of  the  aiierture. 

What  pattern  of  transducer  ixisitions  gives 
the  best  reconstruction?  Because  the 
reconstruction  wi'rks  only  within  the  aiierture  of 
available  observat ions , it  follows  that  the 
reconstruction  at  a given  (loint  is  determined 
pirnnarily  by  the  observations  at  nearby  angles. 
Therefore,  by  observing  the  quality  of 
reconstruction  at  various  ixaints  on  the  angular 
sampling  grid,  one  can  judge  trfiat  local  arrangement 
of  transducers  does  the  best  job.  The  following 
conclusions  have  been  dr.iwn.  A grid  i^iich 
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ABSTRACT 

Real  time  synthetic  aperture  or  synthetic  focus  techniques  for  acoustic  imaging  have  been  investi- 
gated and  a prototype  digital  imaging  system  has  been  developed.  It  operates  by  exciting,  with  an  im- 
pulse, one  element  from  a transducer  array,  digitizing  the  return  echoes,  and  storing  them  in  a Random 
Access  Memory,  When  this  process  has  been  repeated  for  all  the  array  elements,  the  focus  information 
is  loaded  from  a mini  computer.  The  system  then  generates  a series  of  swept-focus  lines,  which  are 
arranged  perpendicular  to  the  array  face.  Our  processor  handles  typical  input  data  at  rates  sufficient 
to  generate  real  time  images. 

As  only  one  transducer  at  a time  is  excited  it  has  been  necessary  to  develop  a high  efficiency  broad- 
band transducer  array  with  quarter  wavelength  matching  layers.  The  array  we  have  developed  has  an  11  dB 
return  loss,  a 2.7  — 4.3  MHz  frequency  range  with  a pulse  response  approximately  5 half  cycles  long.  The 
digital  processor  operates  at  a 10  - 16  MHz  sample  rate  with  8 bit  quantization.  Theoretical  and  experi- 
mental images  will  be  presented  for  a system  with  a 96  line  display  employing  8 and  32  active  transducer 
elements,  which  has  a resolution  of  < 1 mm. 


We  will  also  discuss  methods  of  reducing  the  sidelobe  responses  in  vhese  systems.  We  have  carried 
out  experiments  and  theory,  and  we  can  considerably  reduce  the  sidelobe  level  with  input  gain  compression 
from  the  current  experimental  value  of  -12  dB  to  beyond  -20  dB  in  our  prototype  8 transducer  system.  In 
addition,  we  are  investigating  inverse  filtering  techniques  for  shortening  the  effective  pulse  length  to 
1 rf  cycle  to  further  improve  the  image  quality  and  range  resolution. 

INTRODUCTION 


Description  of  Real  Time  Synthetic  Focus  Imag- 
ing Technique,'  'This  pa'per  descHT)es  the  design 
and  initial  operation  of  a new  real-time  synthetic 
focus  or  synthetic  aperture  digital  acoustic  imag- 
ing systiq^  ' The  term  synthetic  aperture  can  be 
used  to  J^i^ribe  our  system  as  the  signal  proces- 
sing is  e^C^alent  to  that  used  in  synthetic  aper- 
ture radar  J However  as  we  employ  a transducer 
array  whost^hy^sical  aperture  is  equal  to  the  aper- 
ture we  synmk'Mze  in  our  processor,  the  system  has 
also  been  des^ibed  as  synthetic  focus  imaging.' 

It  is  funct iurXl ly  equivalent  to  a tomographic  inwg- 
inq  system  wi th* f i 1 tered  bacL-projection , operating 
in  real-time.  Tfe  basic  principles  of  a very  close- 
ly relaj^'d  system'iiave  already  been  dtmxnnst rated  by 
Johnson,  et  al,'  using  relatively  slow  computer  re- 
construction techniques.  We  have  obtained  l^qh 
speed  operation  by  performing  the  synthetic  wocus 
processing  in  dedicatexi  digital  hardware  whic%is 
capable  of  operating  at  up»to  16  flHz  data  raft' 

In  this  system,  we  transmii  from  one  elemenV 
at  a time  and  receive  the  return  signal  on  the  sa^' 
element.  The  received  signal  passes  through  an  . 
analog  multiplexer,  an  amplifier  and  an  Analog-to  ^ 
Digital  (A  to  nl  mnuo.-ter  before  storage  in  the 
signal  memory,  fig.  I This  operation  is  repeateJ 
for  successive  array  elements,  with  the  analog 
multiplexer  selecting  the  desired  element.  To  imple- 
ment this  synthetic  focus  imaging  system  we  must  be 
able  to  store  a complete  set  of  signals,  one  from 
each  transducer  element.  In  order  to  do  this,  we 
use  a video  A-to-0  converter  and  semiconductor 
Random  Access  Menxirles  (RAM).  To  provide  adequate 
sampling  of  amplitude  and  phase  we  must  operate  the 
A-tO-D  converter  at  a sampling  rate  typiially  .1-  4 
times  the  upper  cutoff  frequency  of  tne  transducer 
elements.  Thus  if  the  upper  cVfoff  frequency  of  the 
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Fig.  1.  Digital  imaging  system. 


transducer  elements  is  4.3  MHz.  the  system  clock 
rate  must  be  greater  than  13  MHz.  Oiu  e we  have 
stored  the  signals  from  a sufficient  number  of  ele- 
ments, we  can  reconstruct  an  entire  two-dimensional 
image  by  adding  the  information  from  the  appro- 
priate locations  in  the  signal  menxiries,  li.ual 
time  delays  to  the  point  of  interest,  are  inserted 
during  the  display  process,  fig.  2 , to  recon- 

struct points  in  the  image  plane. 


qeoni  tf 

rX^s  is 


The  reconstruction  of  a two-dimensional  image 
the  set  of  signals  stored  in  the  digital  nHmv'- 
s a formidable  computational  task  and  to  ai 
cpmplish  this  we  have  implemented  the  back-pro.iec - 
tion  method  which  requires  a set  of  geometric  cal- 
culations to  control  the  addressing  of  the  signal 
memories.  However,  once  the  required  addressing 
information  has  been  computed,  it  can  be  stored  in 
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table  form  in  a high  speed  memory  which  we  refer  to 
as  the  focus  memory.  Fig.  1 . In  a typical  32- 

element  system,  the  focus  memory  will  be  about  1/4 
the  size  of  the  signal  memory.  Alternatively,  the 
focus  memory  can  be  implemented  using  a Program- 
mable Read  Only  Memory  (PROM)  which  is  much  denser 
than  the  RAM  we  are  using  for  signal  memory.  How- 
ever, the  initial  advantage  of  using  a RAM  rather 
than  a PROM  is  that  the  scan  format  can  be  program- 
med at  will  from  a computer  or  microprocessor. 

With  this  technigue  we  can  generate  scan  lines  per- 
pendicular to  the  array,  perform  a radial  sector 
scan,  or  synthesize  any  other  desired  scan  format. 
We  can  also  vary  the  spacing  between  scan  lines 
either  by  reprogramming  the  focus  memory  from  a 
microprocessor,  or  by  interpolation  technigues. 

We  have  chosen  to  display  our  image  as  a raster 
scan  with  lines  perpendicular  to  the  array  face. 
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Fig.  2.  Schematic  ot  system  operation. 


One  reason  for  this  choice  of  scan  format  is 
the  possibility  of  carrying  out  integration  of  the 
image  on  a scan  converter,  much  as  in  a conven- 
tional mechanical  B scan  system.  Suppose,  for 
vnstance,  128  elements  in  total  are  employed  and 
the  image  from  32  elements  is  read  into  a scan  con- 
verter. Then  by  passing  to  the  next  32  elements  a 
new  image  is  formed,  and  read  into  the  scan  conver- 
ter. With  the  scan  format  employed,  integration 
will  take  place  on  scan  lines  common  to  both  images. 
Repeating  this  process  with  an  array  whose  elements 
possess  a wide  angle  of  acceptance,  produces  an 
image  which  is  eguivalent  to  a very  wide  aperture 
system. 


Comparison  with  Other  Acoustic  Imaging  Systems 
An  important  advantage  of  the  synthetic  focus  ap-* 
proach  is  that  it  requires  only  a single  front-end 
amplifier,  regardless  of  the  number  of  elements  in 
the  transducer  array.  This  means  that  a great  deal 
of  effort  can  be  put  into  the  design  of  the  front- 
end  amplifier  with  little  regard  for  its  complexity 
number  of  adjustments,  expense,  etc.,  all  of  which 
are  importaht  considerations  in  a system  where  an 
amplifier  is  required  for  each  element  of  the 
array. 


Another  important  advantage  of  the  synthetic 
focus  approach  over  other  acoustic  imaging  systems 
is  that  the  transverse  resolution  is  twice  as  good 
as  that  of  an  equivalent  system  in  which  a parallel 
beam  is  transmitted  and  the  system  is  focused  on 
receive.  This  is  due  to  the  fact  that  the  time  and 
phase  difference  to  a point,  Z , from  a transducer 


element  is  doubled,  because  the  signal  travels  to 
the  image  point  and  back.  Thus  our  system  has  a 
transverse  resolution  which  is  equivalent  to  that 
of  a conventional  imaging  system  operating  at  twice 
the  frequency.  The  range  resolution  is  essentially 
determined  by  the  pulse  length  (bandwidth)  as  with 
other  imaging  techniques.  The  system  therefore 
provides  the  same  improvement  in  transverse  resolu- 
tion capability  which  has  already  been  demonstrated 
in  scanned  holographic  imaging.’  But,  in  addition, 
as  we  are  using  time  delay  rather  than  phase  delay 
techniques  to  reconstruct  the  image,  we  should  also 
obtain  excellent  range  resolution. 

One  problem  with  most  electronically  scanned 
acoustic  imaging  systems  is  that  the  display  line 
and  frame  times  are  not  usually  compatible  with  a 
TV  monitor.  This  is  a disadvantage  as  the  grey 
scale  image  quality  of  magnetically  deflected  cath- 
ode ray  TV  tubes,  is  superior  to  that  of  the 
electrostatic  deflection  tubes  used  in  oscillo- 
scopes.* Our  present  design  can  easily  be  made 
compatible  with  the  line  time  of  a TV  display  by 
controlling  the  speed  at  which  the  focused  lines 
are  read  out.  However,  the  number  of  lines  cur- 
rently employed,  96,  is  far  less  than  in  a TV  dis- 
play (525).  So  the  image  will  not  look  continuous. 
One  technique  to  eliminate  this  difficulty  is  to 
use  only  part  of  the  screen.  Another  is  to  use 
interpolation  routines  for  filling  in. 

Theory  of  Synthetic  Focus  Imaging.  We  have 
carried  cwt  an  anaTys'is’^  resolution  and  sidelobe 
levels  in  the  system.  We  assume  that  the  system 
is  excited  by  a pulse  of  the  form  F(t)  exp  juit  , 
and  is  focused  on  the  point  (x^,  z^j  . Then  after 
suitable  time  delays  have  been  introduced,  the  sum 
of  the  delayed  signals  returning  to  the  transducers 
at  (x',0)  is  of  the  form 


G(t)  = / F(t-2AR/v)  exp  ju,(t-2.TR/v)  A(x’)dx'  (1) 


where  v is  the  acoustic  velocity  in  the  medium, 
A(x')dx'  is  the  response  of  the  transducer  in  the 
transmit-receive  mode  in  the  region  between  x' 
and  x'+dx’  , 

and  AR*Vt*  + (x'-x)*-  yjz^  ♦ ( x '-x^)’  (2) 

is  the  difference  in  range  from  (x',0)  to  (x,z) 
and  (xo,Zo)  . 

By  making  the  paraxial  approximation  that 
(x'  - x)’  « z'’  , taking  Xq  = 0 , for  simplicity 
we  can  write 

AR  Az  - x'Ax/z^  (3) 

where  Az  = z - Zg  , Ax  = x - Xq  . It  follows  that 
the  range  resolution,  i.e.,  the  result  with  .'\x  = 0 
is  determined  by  the  function  F(t-2Az/v)  for  all 
transducers.  So  the  range  resolution  is  determined 
by  the  pulse  shape  and  length. 

On  the  other  hand,  the  transverse  definition 
of  a line  reflector  and  sidelobe  levels  (Az  = 0) 
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are  determined  by  the  integral 
(i(t)  + 2x'Ax/z^v)  exp  jia(t  + Zx'Ax/t^v) 

X A(x' )dx ' 


(4) 


We  note  that  at  t 
G(0) 


0 . Ax  » 0 the  output  is 
F(0) /*A(x’)dx  (5) 


So  it  is  determined  by  the  maximum  amplitude  of  the 
pulse  and  the  spatial  integral  of  the  transducer 
response. 


More  generally,  it  will  be  seen  that  at  t = 0 
the  transverse  response  of  the  system  as  a function 
of  Ax  is  the  Fourier  transform  of  the  function 
A(x')F(2x'Ax/jpV)  . In  the  special  case  when  the 
pulse  is  many  rf  cycles  long  we  regard  F(t)  as 
constant  and  for  simplicity  take  the  transducer  to 
consist  of  N infinitesimally  thin  elements  C 
apart,  excited  uniformly.  In  this  rase  A(x') 
takes  the  form 

N-1 

A{x')  = A(x'  - ni)  (6) 

where  6(x)  is  a delta  function. 

After  summary.  Eg.  (4),  |G(t)|  takes  the 

form 


' sin(TiAx/d^ ) 

|G(t)l  = I (7) 

|sin{iiAx/dg) 

where  d , the  4 dB  definition  of  the  system,  is 
given  by’the  relation 


ds  = Xz^/2D 

and  the  grating  lobe  spacing  d^  is 
g 0 


(8) 

(9) 


with  D » N;  the  width  of  N elements  of  the 
array . 


Now  consider  the  situation  when  F(t)  is  a 
short  constant  amplitude  pulse  extending  from 
-T/2  < t < T/2  . In  this  case  for  a given  Ax  the 
maximum  value  of  x'  at  t = 0 is 


z vT/4Ax 
0 


(10) 


for  the  array  element  at  x'  to  be  excited.  This 
implies  that  at  the  first  grating  lobe,  where 
Ax  ' dg  , the  number  of  elements  excited  is 

M'  - vT/\  = M (11) 


where  M is  the  length  of  the  pulse  measured  in 
cycles  of  the  center  freguency  u'p  , 


The  implication  is  that  the  grating  lobe  ampli- 
tude is  down  by  a factor  M/N  from  the  main  lobe. 

So  ideally  an  rf  pulse  only  1 rf  cycle  long  should 
be  employed  to  eliminate  the  grating  lobe.  Fur- 
thermore, for  points  further  from  the  main  lobe 
than  dq  , the  maximum  value  of  the  sidelobe  ampli- 
tude is’a  factor  1/N  down  from  the  main  lobe. 

More  generally,  if  Ax  x djM  and  the  pulse  is  N 
rf  cycles  long  |G(0)|  is  given  by  Eg.  (7)  with 
t • 0 . But  for  Ax  Md  the  sidelobe  level 


approaches  1/N  . In  the  intermediate  range  of 
Ax  the  sidelobe  level  can  only  be  accurately  pre- 
dicted if  the  pulse  shape  is  known  accurately.  An 
assumption  of  a sguare  topped  pulse  is  not  ade- 
guate,  because  this  would  assume  a bandwidth  much 
wider  than  the  center  freguency,  thus  leading  to 
inaccurate  results  in  this  intermediate  range  of 
Ax  The  more  general  case,  therefore,  still 
needs  further  study. 

We  may  sunmarize  these  results  by  saying  that 
beyond  the  first  zero  of  the  main  lobe,  not  all 
the  elements  contribute,  but  the  behavior  of  the 
focusing  system  near  the  main  lobe  is  like  that  of 
a conventional  lens  operating  with  signals  of  wave- 
length \/2  . for  Ax  large,  however,  only  one 
element  contributes  at  a time,  and  so  the  response 
falls  off  by  a factor  1/N  where  N is  the  num- 
ber of  elements.  Thus  by  using  only  a short  rf 
pulse  grating  lobes  should  be  eliminated.  We 
would  therefore  expect  that  with  a 32  element  sys- 
tem, the  far  out  sidelobe  level  would  be  approxi- 
mately -30  dB,  and  that  because  of  the  absence  of 
grating  lobes,  relatively  sparse  wide  aperture 
arrays  can  be  used  to  give  improved  resolution. 

IMAlUNG^SjiSTrM  DESIGN 

Tynsducer  Ari;;ay.  In  order  to  achieve  the 
desired  transducer  array  characteristics,  that  is, 
array  elements  with  high  efficiency,  short  dura- 
tion impulse  response,  and  broad  angular  beamwidth, 
guarter-wave  acoustic  matching  technigues''  were 
used  in  conjunction  with  tall,  narrow,  piezo- 
electric ceramic  elements.*  Proper  application  of 
guarter-wave  acoustic  matching  allows  highly  effi- 
cient transduction  of  acoustic  energy  into  the  low 
impedance  load  medium,  typically  water  (Z  = 1.5  ' 
10*'  kg/m‘-sec),  from  the  high  acoustic  impedance 
ceramic  (Z  = 29.7  x lO*)  over  octave  freguency 
bandwidths.  Short  duration  impulse  response, 
which  is  essential  for  good  range  resolution,  is 
obtained  by  designing  the  transducer  to  achieve  as 
nearly  as  possible  a Gaussian-shaped  passband." 
Elements  with  a height-to-width  ratio  on  the  order 
of  twp-to-one  allow  the  excitation  of  a pure, 
piston-like  extensional  mode  with  a very  high 
electromechanical  coupling  coefficient  (k‘  = 0.47 
for  PZT-5A).*  Broad  angular  beamwidth  is  achieved 
by  using  narrow  elements  and  by  reducing  the  ele- 
ment to  element  cross -coupling  to  a minimum. 

With  these  characteristics  in  mind,  a 180- 
element  guarter-wave  matched  array  was  designed 
and  built  to  operate  with  fully-slotted  elements 
at  a 3.8  MHz  center  freguency,  fig.  3 Fhe 
array  was  fabricated  by  epoxying  a U.4b  mm  thick  x 
10  cm  long  x 1.25  cm  wide  slab  of  PZT-6A  with  ?0P0« 
thick  chrome  nickel  electrodes  to  a 1.30  nm  ' 10  cm 
X 1.16  cm  piece  of  borosilicate  glass,  which  formed 
the  first  matching  layer.  The  extra  width  of 
PZT-5A  was  included  in  order  to  make  electrical 
connection.  This  slab  was  then  bonded  to  a backing 
of  silicon  carbide  loaded  epoxy  (Z  ^ 9.4  x lO'") 
formed  into  a long  wedge  shape  (6.35  cm  x i.27  cm) 
with  a lossy  flexible  epoxy  coat  around  the  edge. 
Electrical  connection  was  made  with  0.025  mm  thick 
brass  leads,  0.25  mm  wide  on  0.51  mm  centers  sol- 
dered to  both  edges  of  the  ceramic.  A 0.10  nm 
thick  piece  of  Dow  332  epoxy  was  then  cast  onto  the 
front  of  the  glass  to  make  the  outer  guarter-wave 
plate.  Fig.  t The  electrical  connections  were 
brought  down  the  sides  of  the  barking  by  leads  on 
printed  circuit  boards.  The  individual  elements 
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were  cut  with  j 0.15  itm  diamond  5jw  blade  With  a 
0.20  im'  saw  kerf  the  elements  were  0.305  nm  wide  on 
0.51  imi  centers.  These  elements  were  0.05  nr'  wider 
than  expected,  which  had  some  deleterious  effects 
on  the  response  of  the  array.  An  additional  0.10  inn 
thick  layer  of  epoxy  was  glued  onto  the  face  of  the 
array  so  that  the  total  thickness  of  the  epoxy  was 
0.20  rnn,  since  the  slotted  epoxy  matching  section 
mode-hopped  to  a higher  order  mode  which  affected 
f""  impedance  matching  property  of  the  section. 
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Fig.  3.  Sections  through  transducer  array. 


The  addition  of  the  extra  layer  of  epoxy 
smoothed  out  the  freguency  response  of  the  elements 
as  shown  in  Fig.  4 The  match  between  theory  and 
experiment  is  not  good,  especially  at  the  high  fre- 
quency end  where  the  theory  does  not  predict  the 
low  radiation  resistance  seen  in  the  experimental 
data.  The  complicated  nature  of  the  modes  excited 
in  the  slotted  epoxy  matching  section  precludes  a 
better  prediction  of  the  transducer  characteristics. 
However,  the  smooth  frequency  response  of  the  ele- 
ment does  yield  a short  duration  impulse  response, 
and  the  insertion  loss  is  low.  In  addition,  before 
this  layer  was  attached,  a mixture  of  highly  ab- 
sorptive silicon  carbide  loaded  polyurethane  was 
vacuum  impregnated  into  the  grooves  between  the 
array  elements.  This  measure  served  to  damp  out 
the  lateral  resonance  of  the  transducer  elements 
which  resulted  from  their  excess  width.  It  also 
gave  greater  structural  rigidity  to  the  array. 

The  insertion  loss  of  the  transducer  array 
elements  was  determined  by  first  connecting  14  ele- 
ments in  parallel  (to  eliminate  the  diffraction 
loss  in  the  following  reflection  mode  experiment). 
This  procedure  gave  an  input  impedance  of  52  ohms 
at  -45*  measured  at  3.5  MHr  permitting  matching  to 
a 50  ohm  generator.  The  transmitted  signal  was 
reflected  off  an  air-water  Interface  approximately 
0.5  cm  away,  and  the  received  signal  measured  with 
a high  impedance  probe.  The  total  14-element 
length  was  0.7  cm  making  the  path  length  in  water 
well  within  the  Rayleigh  range  (approximately  10  cm 
In  this  case). 
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Mg.  4.  tffect  of  adding  epoxy  face  plate  onto 
array. 


The  mea’^ured  mininHim  round-trip  insertion 
loss.  Mg.  b , is  ll  dB  at  3.Bb  MHr  , and  the  3 dB 
fractional  bandwidth  is  4S%  when  an  additional  2.2 
dB  was  subtracted  from  the  experimental  data  to 
account  for  the  reflected  signal  which  was  incident 
upon  the  gaps  between  the  elements.  For  comparison, 
the  theoretical  insertion  loss  of  an  element  with 
the  same  parameters  as  in  Mg.  4 is  also  shown  in 
Ftg.  b The  theoretical  case  shows  6 dB  round- 
trip  insertion  loss  and  an  82%  3 dB  bandwidth.  The 
extra  5 dB  loss  in  the  experimental  data  is  diffi- 
cult to  explain  but  is  consistent  with  practically 
every  tvv^nsducer  we  have  made.  The  decrease  in 
bandwidth  is  responsible  for  the  extra  1-1/2  cycles 
in  the  experimental  impulse  response  shown  in 
Fig.  7 , over  that  expected  of  a 70  - 80%  bandwidth 

transducer . 


NORMAtlZED  FRfOUENCY 

F1g.  b.  Theoretical  and  experimental  array  two- 
way  Insertion  loss. 
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Since  each  transducer  element  has  a very  high 
impedance,  750  ohms,  it  is  necessary  to  transformer 
match  into  a 50  ohm  cable.  Transformers  were  wound 
with  an  8:31  turns  ratio  on  high  permeability  fer- 
rite cores  (Indiana  General  7704)  so  that  the  iif 
pedance  of  an  element  was  50  ohm  at  3.5  MHz.  The 
transformers  take  50  V impulses  on  the  primary 
without  saturation.  The  large  number  of  turns  was 
necessary  to  Increase  the  parasitic  parallel  induc- 
tance and  resistance  in  the  transformer  to  large 
enough  values  so  that  they  had  minimal  effects  on 
the  bandshape  and  insertion  loss  of  the  elements. 
This  introduces  a slight  tuning  effect  which  lowers 
the  insertion  loss  by  a small  amount. 

The  impulse  responses  of  32  impedance  matched 
elements  were  measured  by  reflecting  a signal  off 
a thin  0.18  mm  diameter  wire  target.  The  excita- 
tion was  a 0.17  psec  wide  square  pulse.  A 3.5  MHz 
5 half-cycle  impulse  response,  consistent  with  the 
measured  45*  bandwidth  was  observed  for  each  of 
the  connected  32  elements.' 

The  angular  acceptance  of  a single  impedance 
matched  element  was  measured  by  rotating  the  array 
about  the  long  axis  of  the  element  while  insonified 
by  plane  waves  from  a transmitting  transducer.  The 
measured  angular  acceptance  is  shown  in  Fig.  6 
compared  to  the  theoretical  response.  The  low 
acceptance  angles  which  were  measured  over  a range 
of  frequencies  are  attributed  to  strong  cross- 
coupling between  the  array  elements,  in  the  con- 
tinuous epoxy  layer  on  the  face  of  the  array. 

Future  arrays  are  being  built  with  face  plates 
whose  properties  are  similar  to  water  to  avoid 
this  limitation.  However,  due  to  Snells  Law,‘ 
our  current  array  is  more  than  adequate  for  imag- 
ing metal  samples  submerged  in  the  water  tank. 
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Fig.  6.  Theoretical  and  experimental  angular 
acceptance  of  a double  quarter-wave 
matched  transducer  array. 


Control  Electronics.  In  our  initial  experi- 
ments, we  have  constructed  an  8-element  system,  to 
verify  the  basic  principles  of  operation,  and  to 
gain  experience  with  the  hardware  design.  With 
the  transducer  array  described  earlier,  the  system 
has  a field  of  view  in  water  which  is  5 cm  wide  and 
4-7  cm  deep  dependent  on  the  system  operating  fre- 
quency. The  initial  range  can  be  varied  under 
software  control.  Using  shear  waves  in  metal,  the 
field  of  view  will  be  5 cm  wide  and  8-14  cm  deep. 

The  system  hardware  comprises  32  printed  cir- 
cuit boards,  the  associated  power  supplies  and  card 


racks.  The  signal  menwry  associated  with  each 
transducer  element  consists  of  a RAM  board  incor- 
porating eight  Intel  2125-Al  Ik  x I static  RAM's 
arranged  to  give  1024  8-bit  bytes  of  serial  stor- 
age. When  used  in  conjunction  with  the  Tektronix 
ADC-820T  A-to-0  converter,  the  system  is  capable 
of  digitizing  and  storing  signals  at  up  to  a 16 
MHz  rate.  The  eight  channel  system  we  have  con- 
structed uses  eight  equally  spaced  transducer  ele- 
ments from  the  center  32  elements  of  the  array. 

The  system  is  designed  to  display  a 96  line  raster 
scanned  image  with  a line-to-line  spacing  which  is 
1/4  of  the  element-to-element  spacing.  Typically, 
we  use  every  fourth  element  of  the  array  which 
gives  an  interelement  spacing  of  2.0  mm,  and  a 
line-to-line  spacing  of  0.51  mm.  For  reasons  of 
flexibility  and  simplicity,  we  chose  to  use  the 
same  RAM  boards  for  the  focus  memory.  For  the  96 
line  display  we  have  described,  we  require  128  lines 
of  focus  information.  Fortunately,  due  to  the  sym- 
metry about  the  center  of  the  array,  it  is  neces- 
sary to  store  only  64  lines  of  focus  information. 
Since  each  line  of  focus  information  is  1024  > 1 
bit,  we  can  store  the  required  amount  of  focus 
information  on  eight  of  the  1024  byte  RAM  boards. 

In  operation,  the  system  is  designed  to  acquire 
the  8 signals  in  approximately  2.5  msec  and  display 
the  complete  image  in  approxima cely  7.5  msec  which 
will  allow  a frame  rate  of  approximately  100  Hz. 

For  a larger  system,  using  more  transducer  elements 
and  displaying  more  lines,  the  frame  rate  would  be 
correspondingly  reduced;  however,  a 32-element  sys- 
tem, displaying  400  lines  at  a 30  Hz  frame  rate  is 
feasible  using  this  technique. 

IMAGING  SYSTEM  OPERATION 

Figure  7 shows  the  signals  as  received  on  all 
32  transducer  elements  from  a single  isolated  0.18 
mm  diameter  wire  target  in  a watertank.  The  top 
trace  shows  the  input  170  ns  50  volt  impulse  while 
the  other  traces  show  the  target  reflection  after 
20  dB  amplification  and  92  ps  delay.  The  differ- 
ence in  timing  of  the  stored  signals  for  the  range 
Z = 70  mm  is  clearly  seen.  When  focused  on  the 
scan  line  through  the  target  all  these  delay  dif- 
ferences are  compensated  by  the  focus  information, 
giving  a focused  image  of  amplitude  N tiroes  the 
individual  signal  amplitudes  (N  equals  the  number 
of  active  transducers).  On  other  scan  lines  the 
information  is  not  correctly  timed  and  hence  does 
not  add  coherently  to  form  an  image. 

While  we  have  been  constructing  the  elec- 
tronics for  real  tine  imaging  we  have  been  evalua- 
ting the  expected  performance  of  our  system  by 
taking  real  data  from  our  transducer  array  and 
loading  it  into  a mini  computer,  via  a Biomation 
recorder.  With  this  arrangement  we  can  simulate 
the  system  operation  by  reconstructing  the  image 
field  in  the  computer.  This  is  a very  slow  pro- 
cess, typically  requiring  1 hour  per  image  frame, 
and  the  focused,  raster-scanned  image  must  he  read 
onto  a scan  converter  to  be  displayed  on  a TV  mon- 
itor. 


Figure  8 shows  a set  of  images  obtained  using 
this  computer  reconstruction  technique.  The  test 
object  consisted  of  three  1 nm  diameter  wire  tar- 
gets located  close  to  a 4 cm  thick  aluminum  plate, 
in  a water  tank.  The  aluminum  plate  was  placed 
approximately  7 cm  from  the  transducer  array,  with 
the  wires  spaced  from  3 to  9 nm  in  front  of  the 
plate.  Figure  8(a)  shows  the  image  obtained  using 
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SIGNAL  RETURNS  ON  INDIVIDUAL 
TRANSDUCER  ELEMENTS  FROM  A 
SINGLE  0.18  mm  DIAMETER  WIRE 
TARGET  LOCATED  NORMAL  TO 
TRANSDUCER  CENTER  AT  RANGE 
Z • 70  mm  . RECEIVED  SIGNALS 
AMPLIFIED  BY  ZO  (JB  AND  DELAYED 
BY  RZ  my  prior  TO  DISPLAY 


Fig.  7.  Transducer  responses  to  single  target 


8 active  transducer  elements.  All  three  wires, 
which  have  images  of  amplitude  20  dB  lower  than 
the  front  face  echo,  are  visible,  although  one  wire 
is  nearly  obscured  by  the  sidelobes  from  the  plate. 
Figure  8(b)  shows  the  image  obtained  using  8 active 
transducer  elements,  with  square-root  gain  compres- 
sion at  the  input  and  corresponding  expansion  at 
the  output.  This  nonlinear  signal  processing  tech- 
nique, which  will  be  discussed  more  fully  in  the  next 
section,  yields  a significant  reduction  in  the 
sidelobe  levels,  as  can  be  seen  by  comparing 
Figs.  8(a)  and  8(b)  • 

Figure  8(c)  shows,  for  comparison,  the  image 
which  would  be  obtained  if  all  32  transducers  were 
used.  This  image  has  a measured  sidelobe  level  of 
-20  dB  compared  to  a theoretical  -30  dB.  It  is 
most  encouraging  to  achieve  these  low  sidelobe 
levels  at  this  early  stage  of  system  development, 
as  our  previous  system*  has  taken  considerable  time 


Computer  processed  images.  For  system 
with  8 (ASB)  and  32  (C4D)  active  elements 
with  (BAD)  and  without  (AAC)  input  gain 
compression. 
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and  effoit  accurately  matching  the  gain  of  the 
transmit  and  receive  electronics  between  channels 
to  reach  this  sidelobe  level.  Figure  S(d)  again 
shows  significant  reduction  of  sidelobe  levels 
when  square  root  gain  compression  is  used  with  the 
32-element  system.  Here,  the  far  out  sidelobes 
are  reduced  to  less  than  -32  dB  making  them  almost 
undetectable  on  our  display. 

There  are  several  significant  points  bf  image 
detail  which  are  apparent  in  the  images  of  Fig.  8 , 
which  we  have  not  previously  been  able  to  observe 
in  our  earlier  chirp-focused  system.”  Both  the 
front  and  rear  face  echoes  from  the  motal  plate  are 
visible  in  Fjg.  , and  since  the  longitudinal 

wave  velocity  in  aluminum  is  four  times  that  of 
water,  the  image  of  the  rear  face  appears  1 cm  be- 
hind the  image  of  the  front  face.  In  addition, 
since  the  metal  plate  acts  as  a specular  reflector, 
its  image  is  only  seen  over  a length  approximately 
equal  to  the  aperture  of  the  array,  1.6  cm.  The 
wire  targets  are  visible  both  as  true  images  in 
their  correct  spatial  positions,  and  as  mirror 
images  about  the  front  face  of  the  aluminum  plate 
which  acts  as  a reflector.  There  is  also  a sub- 
sidiary image  of  each  of  the  wires  which  is  due  to 
the  converted  surface  wave  which  travels  around  the 
circumference  of  the  wire’  and  arrives  at  the  array 
somewhat  delayed  from  the  main  return.  These  sub- 
sidiary images  may  be  useful  in  the  interpretation 
of  an  acoustic  image  for  determining  the  size  and 
nature  of  a flaw. 

The  measured  and  theoretical  sidelobe  levels 
for  the  four  cases  are  sunmarized  in  Table  1.  Here 
a single  wire  target  was  imaged  to  obtain  accurate 
measurement  of  system  sidelobe  levels.  The  theo- 
retical values  in  Table  1 were  calculated  for  an 
array  with  uniform  wide  fractional  beamwidth,  and 
no  sampling  loss  in  the  digital  system.  Table  1 
also  neglects  the  grating  lobe,  which  is  introduced 
by  the  current  array  having  an  impulse  response 
duration  of  5 half  cycles.  Fig.  7 , instead  of  the 
ideal  2 half  cycles.  We  will  discuss  later  in 
Section  4.2  an  inverse  filtering  technique  for  over- 
coming this  problem. 

TABLE  1.  System  Sidelobe  Levels 


Sidelobf 

Level  (dB)  1 

Measured 

Theoretical  | 

8 element 

-13 

-18  1 

1 

j 8 element  with 
[ gain  compression 

-22 

-36  1 

1 

[ 32  element 

-20 

-.30  ! 

32  element  wi  th. 

< -32 

-60 

qain  compression 

j 

In  addition  to  these  computer  focused  images, 
preliminary  measurements  of  real  time  images  have 
been  made  on  our  hardware  system.  This  system, 
which  does  not  currently  incorporate  qain  com- 
pression employs  8 active  transducer  elements  con- 
nected via  an  electronic  multiplexer  to  the  signal 
processing  hardware.  The  image  of  three  1.25  rnn 
diameter  wire  targets  close  to  a metal  plate  lo- 
cated at  a range  of  7 cm  is  shown  in  Fig.  d. 

Here  the  grey  scale  quality  of  the  oscilloscope 


display  is  clearly  inferior  to  the  earlier  TV  dis- 
plays. The  4 dB  resolution’  has  been  measured  as 
' 0,9  nm  and  the  sidelobe  levels  were  -12  dB. 

The  grating  lobes  which  occur  are  not  visible  in 
Fig.  9.  When  imaoing  a single  wire  target,  the 
grating  lobes  occur  13  scan  lines  on  either  side 
of  the  focused  image’  with  relative  amplitude  -8  dB 
compared  to  the  theoretical  value  of  2.5/N  (-10  dB). 


Fig.  9.  Real  time  image  processing  with  8 channel 
system. 

We  are  greatly  encouraged  by  the  excellent 
results  from  the  computer  processed  images  and 
confidently  believe  that  we  can  repeat  the  8-element 
gain  compressed  results  in  real  time  hardware  with- 
in the  next  few  months.  We  are  also  proceeding  to 
design  a second  system  with  32  channels  which  we 
believe  will  yield  images  which  will  be  consider- 
ably superior  to  those  obtained  using  our  earlier 
chirp  focused  system.”  When  this  system  is  com- 
pleted we  will  extend  these  tests  to  shear,  Ray- 
leigh, and  Lamb  wave  imaging  in  metal  samples. 
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Sidelqbe^  ResjJon^e.  One  problem  with  all  imag- 
ing systems  is  that  associated  with  sidelobes , since 
the  sidelobe  level  controls  the  dynamic  range.  One 
approach'  to  overcome  this  problem  is  to  compress 
the  dyn.imic  range  of  the  signals  at  the  system  in- 
puts and  expand  again  at  the  output  after  summing 
the  signals  prior  to  display.  Because  the  synthe- 
tic focus  system  requires  only  a single  front-end 
amplifier,  it  is  ideally  suited  to  the  implementa- 
tion of  such  a compression  technique,  since  we  need 
not  worry  about  matching  the  characteristics  of  a 
large  number  of  compression  circuits.  We  have  the 
choice  of  implementing  the  compression  with  either 
analog  circuits  or  a digital  table  look  up. 

To  show  the  improvement  obtainable  using  a 
compression  technique,  consider  the  case  where  we 
take  the  square  root  of  the  amplitude  of  the  signal, 
but  leave  the  sign  or  phase  of  the  signal  unchanged. 
Suppose  the  ratio  of  a main  lobe  to  sidelobe  is  M . 
Then  if  one  point  on  the  object  of  amplitude  a 
excites  the  main  lobe  and  another  point  of  ampli- 
tude b excites  the  sidelobe  the  ratio  of  their 
outputs  will  be  Ma  b . Now  suppose  we  take  the 
square  root  of  the  output  of  each  transducer  before 
summing.  The  main  lobe  to  sidelobe  ratio  will  still 
be  _M  but  the  ratio  of  the  two  outputs  will  be 
M,a/b  . If  we  now  square  the  suiitned  output  the 
ratio  of  the  two  signals  will  be  H'a  b and  the 
original  linear  relation  of  the  signals  is  restored. 


but  the  effective  sidelobe  levels  have  changed  from 
M to  M-  . This  gives  a conseguent  decrease  in 
sidelobe  level  by  a factor  of  2 in  dB,  which  is  of 
major  importance  for  detecting  a small  target  in 
close  provimity  to  a large  reflector.  Figure  B has 
clearly  shown  the  significance  of  this  input  com- 
pression. However,  this  improvement  is  only  ob- 
tained at  the  expense  of  degradation  in  the  SNR. 
Thus  we  intend  to  investigate,  with  a digital  table 
look  up  approach,  the  operation  of  our  prototype 
system  with  square  root  and  other  weaker  nonlinear- 
ities. 

Resolution  Improvement.  We  have  been  perform- 
ing aSJitTonaT  analysis  of  the  system  to  optimize 
its  performance.  We  have  concluded  that  the  con- 
flicting requirements  of  a short  transmitteil  pulse, 
for  good  range  resolution,  with  ideally  a CW  trans- 
mission for  optimum  transverse  resolution  can  best 
be  satisfied  with  a transducer  impulse  response 
comprising  a single  cycle  sinusoid  at  its  resonant 
frequency.  We  have  already  shown  in  Figs.  7 and 
10  that  our  array  currently  falls  short  of  this 
requirement,  resulting  in  the  introduction  of  the 
grating  lobe. 

One  promising  method  of  achieving  the  required 
waveform  appears  to  be  an  inverse  filter"''*  imple- 
mented with  a weighted  tapped  delay  line.  Computer 
simulations,  Fig.  10  , using  real  transducer  data 
gathered  from  wire  target  reflections  have  shown 
that  after  inverse  filtering  we  can  achieve  the 
desired  single  cycle  sinusoid  response  with  -12  to 
-18  dB  spurious  levels.  The  tap  weights  were  cal- 
culated with  a Least  Mean  Squares  (LMS)''"'  adaptive 
filter  algorithm,  which  gave  convergence  after  -100 
iterations. 


We  intend  to  implement  the  inverse  filter  at 
the  output  of  ou-  processor  as  this  will  require 
the  tap  weights  to  be  set  only  once  to  optimize  to 
the  composite  impulse  response  of  the  transducer 
array.  This  impulse  response  will  have  to  be  load- 
ed into  the  computer  and  the  calculated  tap  weights 
read  out  and  stored  within  the  filter.  We  are  cur- 
rently fabricating  the  transversal  filter  with  a 
hybrid  digital  analog  approach.  Fig.  11  . It  com- 
prises a ib  stage  " 8 bit  digital  shift  register 
with  16  multiplying  0 to  A converters  and  a suwing 
amplifier,  and  will  occupy  an  additional  four 
printed  circuit  cards. 
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Fig.  11.  Digital  implementation  of  inverse  filter. 

CONaUSIONS 

A new  design  approach  for  acoustic  imaging  has 
been  described  and  initial  pract’cal  results  on  a 
prototype  real  time  system  have  been  presented.  We 
have  also  shown  that  nonlinear  (gain  compressed) 
processing  can  offer  most  significant  improvements 
in  image  quality.  The  conseguent  reduction  in  side- 
lobe  levels  is  of  major  importance  because  accep- 
table sidelobe  levels  (-80  dP)  may  ultimately  be 
achievable  with  a system  comprising  only  8 or  16 
active  elements.  In  addition  inverse  filtering 
permits  us  to  shorten  the  impulse  response  to  ob- 
tain improved  range  resolution.  Inverse  filtering 
also  eliminates  the  grating  lobes,  enabling  us  to 
employ  a sparse  array  with  a wide  aperture  to  ob- 
tain good  transverse  resolution.  Thus  it  now  be- 
comes practical  to  consider  a two-dimensional  sparse 
array  of  transducer  elements  to  obtain  good  defini- 
tion in  all  three  dimensions.  As  the  sidelobe  level 
in  this  case  should  be  on  the  order  of  l/N  , three- 
dimensional  imaging  with  good  definition  in  all 
three  directions  does  appear  to  be  possible  using 
this  approach. 

Another  advantage  of  the  time  delay  focusing 
approach  is  that  we  can  use  a very  wide  transducer 
aperture  for  improved  transverse  resolution  with  a 
scan  converter  for  obtaining  the  electronic  equiva- 
lent of  mechanically  scanned  B-scan  system,  but 
with  focusing.  The  additional  electronics  required 
for  this  approach  involves  only  a larger  multiplexer 
and  the  use  of  a scan  converter.  Thus  we  confi- 
dently predict  that  digital  synthetic  focus  proces- 
sing will  become  increasingly  attractive  as  systems 
are  developed  further. 
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ABSTRACT 

Acoustic  imaging  may  be  accomplished  by  a process  involving  the  measurement  of  the  amplitude  and 
phase  of  the  wavefront  at  a remote  region  and  then  the  reconstruction,  using  mathematical  techniques,  of 
the  fields  at  or  near  the  scattering  region.  Since  the  system  is  coherent,  both  amplitude  and  phase 
images  may  be  obtained.  The  current  system  under  study  employs  pulsed  CW  tone  bursts  in  order  to  reduce 
stray  echo  problems,  with  quadrature  phase  detection  followed  by  a digital  hardware  processor  for  imple- 
menting the  reconstruction  algorithm.  Finally,  the  image  is  processed  for  display  and  analysis. 


INTRODUCTION 

The  objective  of  this  task  is  to  study  acoustic 
image  processing  and  to  implement  a pulsed  CW 
imaging  system  as  an  extension  of  the  work  done 
previously  on  the  amplitude  and  phase  contrast 
imaging  of  transducer  near  and  far  field  radiation 
patterns.  In  that  work  the  precision  of  the  imaging 
process  using  CW  excitation  suggested  that  the 
method  might  well  be  applied  to  the  problem  of 
defect  imaging  if  the  same  degree  of  accuracy  could 
be  achieved  when  the  system  was  used  in  the  pulsed 
mode.  The  pulsed  mode  of  operation  should  be  a 
requirement  if  real  flaws  in  solids  were  to  be 
imaged  instead  of  simple  objects  in  water.  In  the 
CW  system,  the  overall  accuracy  was  obtained  because 
of  the  large  dynamic  range  of  the  network  analyzer 
and  its  narrow-band,  high-resolution  phase  detection 
capability.  In  addition,  by  using  a synthetic  array 
approach,  i.e..  scanning  a 64  x 64  grid  using  a 
single  transducer,  all  elements  of  the  array  were 
assured  to  be  identical  in  response.  However,  the 
system  was  not  convenient  in  terms  of  data  through- 
put and  image  processing  speed.  In  addition,  the 
CW  mode  of  operation  allows  multiple  reflections  to 
obscure  the  desired  data,  a severe  problem  in  defect 
imaging  where  the  scattering  from  front  surfaces 
{such  as  water-solid)  is  much  stronger  than  scat tered 
signals  coming  from  the  defect  located  within  the 
solid. 

In  order  to  clarify  the  overall  project,  we 
will  first  discuss  the  theoretical  basis  of  this 
particular  imaging  approach,  then  describe  the 
previous  implementation  and  its  results,  next  the 
proposed  system  will  he  described,  and  then  the 
procedure  for  implementation  and  progress  to  date. 

Theoietical  Approach 

The  basis  of  the  imaging  system.  Fig.  1, 
starts  from  Huygens  theory  describing  the  super- 
position of  a radiation  field  from  many  point 
sources  of  the  source  or  scattered  field' 

UM(u,v)  ^ — dxdy  (1) 


FIELD  measurement 

RECONSTRUCTION  PLANE 

plane 


Fig.  1.  Reconstruction  coordinate  system 


Using  the  small  angle  approximation,  we  essentially 
restrict  the  transverse  dimensions  of  the  scattering 
region  and  measurement  plane  such  that  they  are 
nxjch  less  than  R the  distance  between  planes.  In 
practice,  this  para-axial  approximation  restricts 
the  maximum  angle  between  r and  R to  approximately 
30  degrees.  However,  for  the  usual  eases  of  water- 
solid  interfaces,  this  represents  a more  than 
adequate  angle  of  incidence  due  to  longitudinal 
wave  Cutoff  conditions. 

Using  the  para-axial  ray  approximation,  the 
distance  r is  approximated  by 

^ I'  T^Cx-ul*^  + (y-v)^"] 


where  UM(u,v)  is  the  measured  field  in  the  u.v 
plane  located  a distance  R from  an  assumed  scatter 
ing  plane,  K is  the  wavenumber,  U(x,y)  the  source 
or  scattered  field,  and  r is  the  distance  between 
a scattering  element  and  field  position. 


and  ( 1 ) 
U(u,v) 


becomes 

ikR 

JVU(  X , y )exp 
(y-v)‘'1  dxdy 


4n8 


The  quadratic  phase  factor  may  now  be  expanded  and 
a normalized  relationship  is  obtained 


UM(u' .V 

')  = Cj'Al(x'.y')  exp-ik' (u'x'-t'V' 

y’> 

where 

dxUy' 

(5) 

UM(u* 

, v^=U(u’,  v'  )exp-ik'(u'^'*'V*^)/2 

(6) 

U(x'.y' 

) = U(x',y’ )exp-ik’{x'^+y ■^)/2 

(7) 

2 

C = 2”“  TkR- 

(8a) 

X 

' = x/a 

(8b) 

y 

' = y/a 

(8c) 

u 

' = vx/a 

(8d) 

V 

‘ = v/a 

(8e) 

k 

• = = 2n(a/>,)2/(R/A) 

(8f) 

or  k 

t _ 21® 

A S 

(8g) 

Bx 

where  .xs  = "’^ximum  sampling  internal  allowed 

without  considerable  information  loss.  At  the 
widest  angle  of  operation,  R/a  would  have  a mininxjm 
value  of  JZ  and  the  maximum  allowed  sampling 
interval  would  be  as  = . 

The  image  processing  starts  by  processing  the 
measured  data  by  first  multiplying  UM(u',v')  by  a 
weighting  function  which  accounts  for  the  fact  that 
the  measuring  plane  actually  contains  less  than  the 
entire  energy  of  the  scattered  fields.  Clearly, 
small  defects  or  sharp  edges  of  defects  such  as 
crack  tips  scatter  widely,  and  a truncation  of  the 

fields  due  to  finite  spatial  sampling  causes  a 
smoothing  in  the  image.  The  weighting  function  is 
used  to  eliminate  the  Gibb's  ringing  created  by 
this  artificial  truncation.  Other  image  processing 
will  be  detailed  later. 

The  smoothed  data  may  now  be  normalized  by 
effectively  removing  the  parabolic  phase,  as  in  (61, 
which  now  places  the  data  in  the  format  of  a two- 
dimensional  Fourier  transform,  (5).  By  taking  the 
inverse  transform  of  (5)  we  obtain 

U(x’  ,y'  )=C'//UM(u'  ,v'  )exp  + ik 'x  ' , v 'y  ' ) • 


which  is  the  normalized  image  field.  If  phase 
information  is  desired,  then  the  parabolic  phase 
unnormalization  is  carried  out,  (71.  Note  that  the 
plane  of  reconstruction  is  determined  by  the  para- 
bolic phase  normal ization  and  that  many  images  may 
be  formed  from  one  set  of  measured  data. 


subtracted  from  the  total  measured  field  to  yield 
the  field  due  to  a small  defect  alone.  An  "aperture 
stop"  may  be  effectively  implemented  by  numerically 
weighting  the  measuring  data  in  an  appropriate 
manner.  For  example,  the  central  fields  could  be 
zeroed  or  allowed  to  drive  the  receiver  non-linear 
in  order  to  gain  more  dynamic  range  for  the  edge 
fields  which  define  small  objects. 

Since  the  imaging  technique  has  its  roots  in 
conventional  optics,  many  processing  techniques 
employed  there  may  be  usefully  enployed  with  the 
added  advantage  of  having  phase  and  amplitude  as 
variables  and  not  just  intensity. 

The  imaging  process  may  now  be  summarized'. 

1)  measur-  the  amplitude  and  phase  UM  in  the 
measurement  plane,  2)  weight  the  fields  and 
correct  for  known  measurement  errors  such  as  array 
non-uniformities,  3)  choose  a reconstruction  plane 
and  phase  normalize  the  measured  fields,  4)  do  a 
two-dimensional  Fourier  transform  to  obtain  the 
normalized  scattered  fields,  and  5)  phase  unnor- 
malize to  obtain  the  complete  fields.  This  data  is 
now  ready  for  display  and  possible  enhancement. 

n*  Imaging  System 

The  imaging  system  shown  in  Fig.  2 was  employed 
in  the  study  of  transducer  fields  reported  in  last 
year's  final  report,  '’'he  system  is  briefly  des- 
cribed here  in  order  to  set  the  stage  for  the 
system  currently  unoer  study.  The  system  in  Fig.  2 
used,  almost  entirely,  "off-the-shelf"  laboratory 
components.  The  major  components  include  1'  the 
Tektronix  4051  Graphics  System  which  is  basically 
a desk  top  calculator  with  limited  graphic  capa- 
bility, 21  a numerically  conttelled  x,y  stage  to 
position  the  transducer  in  the  measurement  plane, 

3)  a network  analyzer  to  measure  the  magnitude  and 
phase  of  the  transducer  signal,  4)  digital  volt- 
meters to  perform  the  A/C  conversion  of  . >e  netwo'k 
analyzer  results,  5)  frequency  synthesizer  for 
stable  frequency  control . and  finally  6)  an  IFEE 
48,5  instrumentation  bus  to  tie  all  components 
together  under  control  of  the  Tektronix  4051. 


Fig.  2.  CW  imaging  system. 


The  concept  of  superposition  implies  other 
useful  image  processing  techniques.  For  example, 
since  the  fields  lW(u,v)  are  made  up  of  a sum  of 
scatter  contributions,  known  scatter  fields  may  be 
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The  resultant  data  was  stored  on  magnetic  tape 
one  scan  row  at  a time  because  of  limited  memory, 
rnd  then  sent  over  a 2400  baud  RS232C  line  to  a 
PDP-10  computer.  Here  the  necessary  Image  process- 
ing was  performed  and  the  Image  data  sent  to  USC's 
Image  Processing  Institute  for  display,  or  to  a 
perspective  plot  subroutine  and  then  back  to  the 
4051  for  display  and  recording.  Representative 
results  of  the  system  are  shown  In  Figs.  3a,  3b, 
and  3c  as  perspective  amplitude  and  phase  plots  and 
as  grey  scale  amplitude  respectively. 
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Fig.  3.  Reconstructed  transducer  near  field 
(aj  amplitude 

(b)  phase 

(c)  grey  scale  of  amplitude 


Whereas  the  Imaging  results  are  very  favorable, 
the  system  through-put  was  agonizingly  slow  for  any 
real  Imaging  system  or  an  Imaging  study  requiring 
many  Image  formations.  The  data  acquisition  time 
alone  was  3-4  hours,  due  to  limitations  In  the  phase 
measurement  caused  by  mechanical  vibrations  Induced 
by  the  stepping  motors  on  the  x,y  table.  In 
addition,  the  OVM's  were  limited  In  through-put  to 
one  reading  per  second.  Data  transfer  times  to  the 
POP-1 0 were  upward  of  one  hour,  due  to  the  Inability 
of  the  system  to  accept  sustained  data  bursts. 
However,  once  having  demonstrated  the  basic  Imaging 
process,  we  can  now  define  what  a more  practical 
system  might  consist  of. 

Pulsed  CW  Imaging  System 

The  natural  evaluation  of  the  previous  Imaging 
system  Is  the  system  currently  under  study  which 
duplicates  some  of  the  previous  one  In  functional 
detail.  Clearly,  the  system  mjst  work  In  the  pulsed 
CH  or  tone  burst  mode  of  operation  In  order  to  avoid 
Interference  from  standing  waves  caused  by  extra- 
neous reflections.  This  requires  a tone  burst 
transmitter-receiver  combination  which  must 
accurately  measure  the  magnitude  and  phase  of  the 
radiation  field  over  a dynamic  range  of  70  dB  (12 
bits).  The  system  should  have  a local  array 
processor  to  handle  the  Image  processing  In  real 
time  once  the  data  has  been  taken.  An  ultrasonic 
array  would  considerably  speed  up  the  data  acqui- 
sition process,  either  In  the  form  of  a one-dimen- 
sional array  mechanically  scanned  or  a two-dimen- 
sional array  electronically  scanned.  In  the  latter 
case,  data  could  be  gathered  at  a rate  of  10-1  OOus 
per  element  or  40-400  ms  for  a 4096  element  array 
assuming  a fast  12  bit  A/D  converter. 

The  display  system  need  not  change  from  that 
type  used  before  except  that  It  should  be  close  to 
the  array  processor  for  rapid  data  transfer. 

In  order  to  efficiently  Implement  this  study, 
we  have  defined  a number  of  subtasks  which  are 
ordered  In  the  approximate  flow  of  Image  data.  The 
description  of  the  various  subtasks  and  their 
Inplementatlon  are  described  below. 
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The  pulsed  measuring  system  consists  of  an 
analog  region  and  A/D  converters  to  provide  2's 
complement  data  for  reduction  and  display.  The 
analog  portion  of  the  system  Is  a super-heterodyne 
receiver  consisting  of  a front  end  mixer  followed 
by  a high  gain  30  MHt  IF  amplifier  having  4 MHz 
bandwidth,  over  100  dB  gain  and  -1?0  dBm  sensitivity. 
The  first  mixer  takes  the  nominally  5 MHz  signal 
from  the  transducer  (or  array  element)  and  mixes 
with  a 2S  MHz  carrier  to  give  the  30  MHz  IF  signal. 
The  output  of  the  IF  amplifier  Is  either  a 30  MHz 
pulse  or  an  envelope  of  the  pulse.  In  our  system, 
the  30  MHz  pulse  Is  sent  to  two  double  balanced 
mixers  with  proper  phase  shift  and  mixed  with  quad- 
rature shifted  30  MHz  reference  signals.  The  out- 
put of  the  detectors  Is  then  the  real  and  Imaginary 
components  of  the  pulse  signals.  These  base  band 
pulses  are  then  sent  to  gated  sample  and  hold 
nodules  and  then  to  fast  12  bit  A/0  converters  and 
then  to  memory  via  the  IEEE  488  Interface  bus. 

Because  the  analog  portion  of  the  system  uses  the 
super -heterodyne  principle,  the  Input  signals  may 
be  pulses  as  well  as  tone  bursts.  The  generation 
of  the  transmit  signal  also  uses  the  heterodyne 
principle  In  order  to  maintain  phase  coherence 
between  pulses.  The  analog  and  digital  positions 
of  the  receiver  have  been  coapleted  and  are  now 
being  calibrated. 

Design 

An  array  to  be  used  for  a holographic  Imaging 
system  has  somewhat  different  requirements  than 
those  used  for  focused  Imaging.  The  holographic 
transducer  array  may  be  constructed  with  elements 
more  widely  spaced  than  those  used  for  focused 
beams,  the  elements  are  sampled  In  sequence  rather 
than  simultaneously,  and  the  requirements  for  cross 
talk  In  the  array  are  probably  somewhat  more  severe 
than  In  focused  beam  arrays.  The  more  widely  spaced 
array  elements  make  the  array  construction  somewhat 
more  tractable  and  the  sequential  access  should 
make  the  electronics  less  costly  since  2N  electronic 
elements  are  required  for  an  array  of  size  NxN, 
rather  than  N squared  similar  circuits.  Several 
array  designs  have  been  considered  with  an  emphasis 
placed  upon  the  compatibility  of  acoustical  design 
and  electronic  scanning.  In  general,  the  array  of 
Interest  Is  of  size  64x64  with  an  element  spacing 
of  8 wavelengths,  and  an  operating  frequency  of 
5 MHz.  Since  the  holographic  system  uses  coherent 
tone  burst  for  measurement,  the  transducer  elements 
need  not  be  as  heavily  damped  as  those  used  for 
focused  beam  A scan.  It  Is  hoped  that  the  easing 
of  the  damping  requirement  alone  will  make  the  array 
construction  more  practical  and  the  elements  more 
uniform  and  reliable. 

Some  effort  has  been  directed  toward  a study 
of  potential  array  configurations  that  could  be 
usefully  employed  In  this  Imaging  system.  Currently 
we  are  looking  at  arrays  that  might  be  used  for 
transmitting  only,  since  the  sequential  accessing 
of  such  elements  seems  more  appropriate  to  conven- 
tional digital  circuits.  Both  array  element  con- 
struction and  multiplexing  methods  are  being  consi- 
dered. It  Is  clear  that  an  In-depth  study  of  new 
array  concepts  and  actual  array  construction  are 
not  within  the  financial  constraints  of  the  current 


program.  However,  the  Initial  study  has  turned  up 
some  preliminary  useful  results. 

Acous 1 1 c jmaije, JVocess  1 n j 

In  order  to  form  an  Image  from  the  acoustic 
signals,  the  data  must  first  be  cast  Into  a format 
that  allows  the  Inversion  to  be  done  with  Fourier 
transform  methods.  Initially,  the  data  must  be 
windowed  to  prevent  Image  ringing  due  to  the  trun- 
cation of  the  transform  and  then  the  parabolic 
phase  factor  must  be  subtracted  from  the  total 
phase.  The  formalism  may  also  be  recast  Into  the 
form  of  a double  convolution  as  shown  In  (10)  for  , 
the  continuum  and  In  (11)  for  the  discrete  case. 

U(x*,y' )-//UM(u',v* )K(y'-v’ )r(x'-u' )dv*du' 

(10) 

“iJ  ■ "«KL  ''JL  •'iK 

(11) 

where  F(t)  ■ exp(-lk'*^) 


Clearly,  with  the  parabolic  phase  factored  In,  the 
problem  Is  one  of  convolving  the  circular  functions 
with  the  field  data.  For  the  case  of  a 64x64  data 
set,  4096  complex  multiplications  are  required  for 
each  of  the  64  rows  and  the  process  Is  repeated  for 
each  of  the  64  columns  for  a total  of  over  600,000 
complex  multiplications.  Accordingly,  we  are 
planning  to  use  hardware  multipliers  to  do  the 
complex  arithmetic  and  directly  cycle  the  data  to 
the  multipliers  transparent  to  the  microprocessor. 

In  this  manner,  we  can  achieve  a good  compromise 
between  harchvare  cost  and  computational  time,  since 
memory  Is  relatively  Inexpensive  and  the  hardware 
multipliers  are  less  than  S200  each,  and  multiply 
in  less  than  150  ns.  Thus  by  using  two  multipli- 
cations per  memory  cycle,  we  can  obtain  the  product 
of  two  12  bit  numbers  In  300  ns  and  the  two-dimen- 
sional convolution  In  less  than  200  ms,  which  should 
allow  for  a near  real  time  display  of  the  transform 
and  a feature  for  zoom  focusing  of  the  image  by  the 
operator.  In  the  case  of  imaging  through  a water- 
solid  interface,  as  many  as  4096  transforms  would 
be  required  in  the  worst  case  to  find  the  interface 
fields,  but  this  would  take  less  than  14  seconds. 
Once  having  the  Interface  fields,  the  Inmge  within 
the  solid  would  be  obtained  In  the  usual  manner  In 
less  than  200  ms. 

By  Inplementing  the  FFT  In  harchMre,  we  could 
achieve  a time  conpression  by  a factor  of  10,  but 
with  somewhat  more  circuit  complexity,  since  the 
parabolic  phase  normalization  could  not  be  done 
with  the  FFT  processor.  laplementlng  the  two- 
dimensional  convolution  by  a succession  of  FTT 
operations  is  more  time  consuming  than  doing  the 
FFT  directly.  Our  current  effort  Is  to  brute  force 
the  Fourier  transform  because  of  circuit  simplicity 
and  the  need  to  do  the  parabolic  phase  normaliza- 
tion. In  the  future  we  Intend  to  implement  the  FFT 
array  processor  and  the  phase  normalization  as 
separate  pieces  of  hardware.  The  brute  force 
Fourier  transform  processor  Is  about  50t  completed 
in  hardware  construction. 
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For  our  Initial  work,  the  mode  of  display  will 
be  the  8 bit  grey  scale  using  black  and  white  with 
the  operator  having  the  option  of  zoom  focus  and 
level  slicing  (contour  plots).  Eventually,  It  will 
be  useful  to  present  the  data  In  the  form  of  per- 
spective plots,  as  was  done  In  the  transducer 
studies,  although  this  requires  a lot  of  code  and 
processing  time  If  hidden  lines  are  to  be  blanked 
out.  In  the  meantime,  perspective  plotr  have  been 
generated  on  the  Tektronix  4051  Graphics  System 
directly  using  recently  purchased  graphic  firmware 
packages  and  using  software  written  at  USC  during 
the  third  quarter  of  the  project. 
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Advanced  NOE,  operated  by  the  Science  Center, 
Rockwell  International,  for  the  Defense  Advanced 
Research  Projects  and  the  Air  Force  Materials 
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ABSTRACT 

Noise  as  a transmitted  signal  has  been  used  In  radar,  ultrasonic  Doppler  flow  measurement,  and  ultra- 
sonic flaw  detection.  In  each  of  these  applications,  the  unique  properties  of  noise  have  mainly  Influenced 
the  design  and  operation  of  the  signal  processing  portions  of  the  system  In  which  It  was  used.  Our  present 
work  shows  that  the  use  of  noise  as  a transmitted  signal  may  also  benefit  the  properties  of  phased  array 
transducers  used  In  Imaging  systems. 

Some  Imaging  systems  excite  the  transducer  array  sequentially  In  several  modes.  The  echoes  resulting 
from  each  of  the  transmitted  modes  are  stored  separately  and  then  processed  together  to  yield  an  effective 
beam  pattern  which  cannot  be  realized  by  any  eleme.itary  mode  of  the  array.  Although  phased  arrays  are 
frequently  used  to  simultaneously  receive  In  a number  of  modes.  It  has  not,  up  to  now,  been  possible  for 
an  array  to  transmit  more  than  one  mode  at  a time. 

A technique  Is  described  which  allows  several  modes  to  be  transmitted  simultaneously  from  a transducer 
array.  This  Is  achieved  by  exciting  each  mode  with  Its  own  Independent  random  signal.  The  echoes  corres- 
ponding to  each  transmitted  signal  can  then  be  unambiguously  Identified  by  correlation  with  the  desired  ref- 
erence signal.  This  technique  generally  leads  to  simplified  system  design  and  permits  operation  In  real  time. 

Preliminary  results  for  a small  random  signal  phased  array  system  will  be  described. 


INTRODUCTION 

Noise  as  a transmitted  signal  has  been  used  In 
radar  (1)  as  well  as  In  ultrasound  Doppler  systems 
applied  to  flow  measurement  (2)  and  In  ultrasound 
correlation  systems  applied  to  flaw  detection.  (3) 

In  all  these  applications  the  unique  properties  of 
noise  have  mainly  Influenced  the  design  and  opera- 
tion of  the  signal  processing  portions  of  the  sys- 
tems in  which  It  was  used.  We  have  recently  shown 
that  the  use  of  noise  as  a transmitted  signal  can 
also  benefit  the  properties  of  phased  or  delayed 
arrays.  (4)  The  term  "phased  or  delayed  array"  as 
used  here  refers  to  the  arrays  of  antenna  elements 
or  electro-acoustic  transducers  which  are  used  In 
transmission  or  reception  to  sweep  and  shape  beams 
of  electromagnetic  or  sound  radiation. 

The  reader  will  recall  that  phased  arrays  are 
used  to  transmit  and  receive  beams  in  different  con- 
figurations or  modes  and  that  each  of  these  modes 
Is  produced  by  a unique  way  of  amplifying  and  delay- 
ing or  phasing  the  signals  supplied  to  or  received 
from  the  various  array  elements.  Although  phased 
arrays  are  frequently  used  to  simultaneously  receive 
in  a number  of  modes,  it  has  not,  up  to  now,  been  " 
possible  for  an  array  to  transmi t more  than  one  mode 
at  a time.  This  limitation  Is  due  to  the  fact  that 
with  present  techniques.  If  more  than  one  mode  is 
transmitted  simultaneously.  It  will  not  be  possible 
to  distinguish  the  echoes  of  these  various  trans- 
mitted modes  from  one  another.  We  have  shown  that  a 
phased  array  can  transmit  and  receive  in  many  modes 
simultaneously  provided  that  a separate  incoherent 
noise  signal  Is  used  for  each  mode  and  than  an  equi- 
valent number  of  correlation  receivers  is  used  to 
pick  out  the  echoes  corresponding  to  each  transmi- 
ted  beam  configuration.  (4) 

The  ability  of  phased  arrays  to  transmit  (as) 
well  as  receive)  many  modes  simultaneously  should 
lead  to  significant  performance  improvements  In  wide 
angle  scanning,  in  which  the  use  of  noise  signals 
should  enable  several  sectors  to  be  scanned  simul- 


taneously. A second  application  is  to  methods  of 
side  lobe  suppression  and  beam  shaping  In  which 
different  modes  are  transmitted  sequentially  with 
their  echoes  being  stored  and  processed.  (5)  In 
this  application  the  use  of  noise  signals  will  per- 
mit the  different  modes  to  be  transmitted  simultan- 
eously allowing  echoes  to  be  processed  without  inter- 
mediate A/O  conversion  and  storage 

A third  application  is  to  dynamic  focusing  In 
which  the  focus  during  reception  is  shifted  in  syn- 
chronism with  the  signal.  Here  the  use  of  noise  will 
allow  the  focus  to  be  shifted  during  transmission  as 
well  as  reception  thus  squaring  the  array  directi- 
vity with  respect  to  current  systems.  Finally  the 
use  of  simultaneous  noise  signals  will  allow  an 
array  to  scan  with  one  pattern  for  imaging  while 
simultaneously  keeping  another  beam  fixed  in  space 
for  Doppler  measurements. 
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Our  noUt  array  principle  can  be  understood 
In  More  detail  by  reference  to  the  figure.  Noise 
source  1 drives  the  various  elemnts  of  the  array 
through  a set  of  delay  line  shifters  and  transMitt 
a signal  In  the  direction  of  bean  1.  Similarly 
noise  source  2 transmits  a signal  along  beam  2. 

The  echoes  received  by  the  array  are  distributed 
to  correlators  1 and  2 through  two  additional  sets 
of  phase  shifters.  Both  correlators  receive  echoes 
due  to  both  noise  sources.  Each  correlator  also 
receives  a delayed  version  of  the  transmitted  sig- 
nal of  Its  associated  noise  source.  The  variable 
delay  through  which  It  received  this  reference  sig- 
nal Is  adjusted  depending  on  the  range  at  which  the 
system  Is  to  operate.  Even  though  each  correlator 
receives  echoes  from  the  transmitted  signals  of 
both  noise  sources,  only  that  echo  which  corres- 
ponds to  the  reference  signal  It  receives  will  pro- 
duce an  output  from  the  correlator.  Thus  two  Inde- 
pendent outputs  are  produced  by  the  system  lllus- 
tiated. 

In  many  applications  a single  set  of  delay 
line  phase  shifters  will  be  used  for  transmission 
and  reception  of  each  signal  Instead  of  two  sets 
as  shown  In  the  figure.  Furthermore  any  number  of 
Independent  modes  can  be  transmitted  by  providing 
a noise  source  and  correlator  for  each  mode.  Of 
course  If  n Independent  noise  signals  are  trans- 
mitted then  each  correlator  will  have  a deterior- 
ated signal-to-nolse  ratio  which  In  the  worst  case 
will  be  of  order  1/n.  Since  we  have  shown  that 
the  resolution  of  noise  correlation  systems  Is 
Independent  of  the  length  of  the  transmitted  signal, 
(3)  this  degraded  signal-to-nolse  ratio  can  be 
Improved  by  lengthening  the  transmitted  pulses. 

The  attractiveness  of  multi-mode  noise  operation 
for  a specific  application  will  depend  on  the 
degree  to  which  the  signal-to-nolse  ratio  can  be 
kept  high  without  sacrifice  of  operating  time. 


In  this  presentation  a double  noise  source, 
triple  transducer  system  used  for  beam  shaping 
will  be  described. 
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DISCUSSION 

N.  B«tr«  (SystMt  Re^MrcN  L«b);  I have  • question  regarding  your  delay  lines.  Here  the  water  delay  lines 
that  you  used  the  best? 

E.  S.  Furgason  (Purdue  University):  Are  you  referring  to  the  delay  line  In  this  system? 

N.  Batra;  Yes 

E.S.  Furgason;  Yes,  we  did  use  a water  delay  line.  Just  for  convenience,  there  Is  nothing  magical  about 
a water  delay  line.  It  could  Just  as  easily  be  an  electronic  delay  line. 


PANEL  DISCUSSION 


INTERNATIONA!  NOE  EFFORT: 

FUTURE  DIRECTIONS 

NiciMel  J.  Buckley,  Moderator 
DeFense  Advanced  Research  Projects  Agency 
Arlington,  Vtrgtnta 

Panel  Members: 

Paul  Hbller,  Institut  fur  7erstbrungsfreie  Priifverfahren,  Saarbriicken,  West  Ciermany 
Cierard  Quentin,  University  of  Paris  VII,  France 

Peter  Doyle,  Aeronautical  Research  laboratories,  Melbourne,  Victoria,  Australia 
Stewart  McBride,  Royal  Military  College  of  Canada,  Kingston,  Ontario.  Canada 
D.  Stanley  Dean,  P.E.R.M.E.,  Aylesburg,  Westcott,  England 


M.  J.  Buckley,  Chairman  (ARPA):  Good  Morning.  My  namr  is  Mike  Buckley.  This  morning  we  are  fortunate 
to  have  several  visitors  here  from  overseas.  We  wanted  to  give  them  the  opportunity  to  give  us  a 
sunmary  of  what  is  going  on  in  their  country  or  their  institutions  and,  if  they  want  to  make  some 
comnent  as  to  how  it  compares  to  what  is  going  on  here. 

Prof.  Paul  Holler  (University  of  Saarbriicken):  Good  morning.  Gentlemen.  I will  try  to  use  these  ten 
minutes  to  make  sc*>e  more  general  comnents  on  what  we  are  doing  in  our  country  and  mention  the 
impressions  that  I received  here. 

The  first  point  we  should  ask  is  why  do  we  have  reasonable  support  for  NDE  research  in  any  country 
these  days.  I think  it  is  worthwhile  to  make  the  point  that  the  reason  for  that  is  that  NDE 
already  has  a number  of  very  important  applications  in  many  branches  of  industry.  The  other  point 
is  that  we  must  all  try  to  proawte  interactions  with  the  people  who  represent  the  industrial  appli- 
cations of  NDE.  1 got  the  impression  during  the  meeting  that  this  interaction  between  those  who 
are  applying  NDE  and  those  who  are  doing  research  is  no  stronger  than  in  our  country.  Another  point 
is  that  we  regard  NOE  as  a technology.  It  is  not  vet  a science.  We  need  science  to  improve  NDE, 
but  NDE  Itself  is  a technology  to  E)e  applied  in  industry.  That  means  the  goals  and  the  objectives 
of  research  priatarily  have  to  be  determined  by  those  who  should  later  on  apply  what  is  the  result  of 
research.  The  main  point  the  scientists  have  to  contribute  is  to  show  and  demtmstrate  the  potential 
of  scientific  methods  to  contribute  to  solutions  to  very  important  problems. 

In  our  country,  the  most  Important  problem  which  people  in  applied  NDE  are  discussing  is  the  relia- 
bility. They  fear  they  are  not  well  enough  Informed  about  the  capabilities  of  the  present  NOE  art. 
They  want  to  know  what  the  capabilities  are  with  regard  to  real  materials  defects.  And  we  all,  I 
suppose,  as  well  as  you  in  your  country  and  we  in  ours  during  the  last  years,  have  been  really 
shocked  several  times.  I would  like  to  ask  the  guestion  as  to  whether  or  not  we  react  properly  to 
those  shocks.  That  means,  those  who  are  developing  new  methods  need  to  know  of  the  true,  very 
difficult  problems  which  occur  in  practical  work.  This  aspect  means  that  the  testing  systems  and 
the  testing  procedures  must  be  appropriate  to  the  environmental  conditions  encountered  in  practice. 


Another  point,  which  is  not  shocking  but  striking,  is  the  experience  that  in  diffei'ent  countries 
there  are  exactly  the  same  problems.  Physics  and  the  technigues  to  approach  these  problems  are  the 
same.  Nevertheless,  the  solutions  which  the  experts  reached  in  the  past  and  the  research  and  develop- 
ment programs  they  have  at  present  are  very  different.  In  the  sphere  of  mv  experience,  the  most 
pronounc^  case  is  that  of  pressure  vessels.  If  you  look  at  the  recoamendations  and  specifications, 
they  are  different  in  this  country  and  in  Europe.  The  in-service  inspection  systems  used  and  the 
philosophy  which  is  behind  them  is  different  here  than  in  our  country  and  other  European  countries. 

The  projects  going  on  to  develop  the  future  systems  for  that  application  are  again  diffei'ent.  There 
is  an  international  exchange  of  results  and  ideas  in  the  form  of  round  robins,  however.  I think  that 
is  a very  good  thing  to  make  the  exchange  of  knowledge  and  results  more  substantial.  I don't  know 
whether  similar  things  are  going  on  in  the  aircraft  industry. 

Kith  regard  to  basic  research.  I admire  the  efforts  you  are  making  here.  I must  say  very  frankly 
that  have  nothing  similar,  not  with  regard  to  the  developing  theoretical  basis  for  future  NOE 
systems.  On  the  other  hand,  perhaps  we  are  doing  more  work  in  getting  the  basis  for  theoretical 
engineering.  We  are  calculating  and  designing  systems  of  probes  for  particular  applications  and  we 
are  doing  much  research  to  improve  that.  But  with  regard  to  the  scattering  theory  and  diffraction 
theory,  much  less  is  going  on  in  our  country  than  I have  heard  this  time  and  upon  other  occasions 
here. 

Another  very  particular  point  not  understandable  for  me  is  the  fart  that  all  engineers  and  mainly 
American  engineers  say  the  most  important  area  of  any  component  is  the  surface.  Because  by  stress 
distribution  the  surface  cracks  are  very  much  more  dangerous  than  the  interior,  and  also  the  surface 
is  rough.  There  is  much  more  attack  for  instance  by  corrosion.  There  is  a prob.ibility  of  starting 
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cracks  at  tha  surfaca  for  aiany  raasons.  It  Is  Much,  aiuch  graatar  than  tha  probahtllty  of  Initiating 
cracks  tnsida  tha  uaU.  But  If  you  look  Into  tha  lltaratura  and  tha  lasaarch  proqraMs,  I would  say 
tha  ratio  of  Monay  and  tiMa  and  brains  spant  for  davaloping  surfaca  awthods  and  quantiflad  Mathods 
for  surfaca  Inspactlon  to  tha  aiwunt  spant  for  Intarlor  Inspactlon,  It  Is  acactly  yica  varsa.  Tha 
afforts  aspandad  don't  saaM  according  to  tha  daMands.  Nayba  this  Is  not  so  Iwportant  for  thin 
sactlon  coavonants,  but  for  thickar  coMponants  1 think  It  Is  a vary  iMportant  fact. 

Tha  Not  affort  In  Gannaity  Is  organitad  In  thraa  parts.  Tha  first  one  is  tha  actual  NDf  rasaarch, 
both  basic  and  appllad.  Tha  sacond  part  Is  davotad  to  davalopMant  and  tha  third  one  to  tha  applica- 
tion. In  soa»  cases  we  nay  ba  able  to  go  Innadlataly  fron  rasaarch  Into  tha  application.  This  Is 

certainly  not  tha  noraial  path  which  would  ba  to  go  fron  rasaarch  through  davalopnant  to  tha  appllca-  , 

tion.  As  I understand  the  present  ARPA  project.  It  takas  tha  normal  path  and  Is  davotoJ  to  rasaarch 
and  davalopawnt.  Ua  In  Gamany  concentrate  more  on  the  overlapping  area  between  davalotwiant  and  j 

application.  Thera  Is  soaia  rasaarch  going  on  but  It  Is  more  of  an  applied  nature  than  In  tha  U.S.  | 

G.  Quentin  (University  of  Paris):  Tha  NOf  affort  In  Franca  Is  not  as  wall  supiH>rtad  as  In  tha  United 

States  and  Germany.  Navarthalass,  there  Is  a lot  of  work  being  dona  In  Franca  and  I shall  give  j 

a short  suamary  of  this  work.  j 

One  of  tha  groups  In  Franca  working  In  NOt  Is  tha  Atomic  Cnargy  Coawlsslon.  Nuch  of  their  work 
Is  davotad  to  usage  of  focused  transducers.  They  have  Implamantad  focused  transducers  for  detecting 
badly  oriented  defects  In  nuclear  reactors. 

Another  group  of  people  is  trying  to  produce  artificial  defects  by  diffusion  bonding  of  steal 
(similar  to  the  work  going  on  at  Rockwall).  In  steal  they  have  produced  soar  one  hundred  of  different 
kinds  of  defects.  This  group  uses  these  diffusion  bonded  specimens  for  the  characterlyatlon 
of  defect  by  multidirectional  analysis  under  ultrasonic  spectroscopy.  They  also  work  on  the  Bark- 
hausen  effect,  which  yields  very  good  results  about  the  state  of  the  material  just  close  to  the 
surface.  They  have  made  studies  on  the  decarburltatlon  of  steel  and  also  the  Influence  of  super- 
ficial stresses  on  Barkhausen  noise. 

In  my  laboratory  the  main  objective  Is  to  determine  the  scattering  of  ultrasonic  waves  by  rough 
surfaces.  Me  determine  the  signature  of  the  surface  with  randomly  rough  surfaces  ano  natural  non 
random  ?-ough  surfaces  (some  results  of  this  work  have  been  presented  this  nwrnlng). 

The  characterl  jatlon  of  surface  defects  by  Raleigh  waves  ,1s  an  exaniplr  of  Franco -American  collabora- 
tion. The  work  has  been  Initiated  with  the  assistance  of  Bernie  Tlttmanii  in  our  lab.  Dr.  TIttJiMnn 
will  present  a paper  on  this  subject.  Me  have  also  used  the  Schlleren  method  to  characterlie  the 
ultrasonic  field  generated  by  very  short  pulses  which  Is  a Franco-fngllsh  col laboratlon  with  the 
City  University  of  London.  Me  have  also  studied  detection  of  edge  waves. 

1 am  sure  I have  not  given  vou  a complete  list  of  all  the  laboratories  working  In  France,  let  me 
Just  add  that  there  Is  a1»o  some  Interesting  work  going  on  at  one  of  the  ardlcal  centers.  They  have 
obtained  soa»  good  results  with  pseudo  randcwi  binary  coded,  fast  modulated  ultrasonic,  high  resolu- 
tion echograms, 

Peter  Doyle  (Aeronautical  Research  lab):  First,  ! wc’uld  like  to  say  hinv  much  1 have  enjoyevi  coming  to 
this  conference.  It  Is  obviously  something  we  lack  In  Australia,  having  a large  number  of  people 
Interested  In  this  field.  Theie  Is  only  a ?e1at1vely  small  effort,  not  surprisingly.  In  NDI  In 
Australia  and  for  that  leason  1 will  probably  stieak  rather  moie  bHefly  than  the  other  speakers.  But 
some  »wjrk  I wc'uld  like  to  mention-  first  of  all.  In  acoustic  emission,  there  Is  w»M'k  going  on  at 
the  Atomic  Energy  Coawlsslon  and  also  at  Aeronautical  Research  labs  (ARl  ) relating  the  acoustic 
emission  signals  to  the  microstructural  properties  of  materials,  igirtlcularly  In  ;1rcon1um.  Also 
In  acoustic  emission  there  Is  some  work  beginning  at  ARl  on  the  early  detection  of  corrosion,  and 
particularly  paying  attention  to  setvirating  corrosion  signals  from  mi1se  coming  from  other  sources. 

Actually  It  Is  a very  Important  problem  In  alixraft  In  Australia  because  a lot  of  them  are  stationed 
In  the  tropics  In  the  north  and  corrosion,  and  particularly  stress  corrxrslon  cracking.  Is  very  lin'or- 
tant.  Another  aspect  of  acoustic  emission  wen-k  Is  aronltoring  the  gtsrwth  of  actual  fatigue  cracks  in 
trainer  aircraft,  jet  aircraft,  which  aie  In  service. 

Next,  In  ultrasonics,  there  is  some  wcirk  concerned  with  the  ileveloiiment  of  computer  controlled  test- 
ing of  rails.  On  the  theoretical  side  of  u1t'\tson1cs.  there  Is  sevne  work  commencing  at  ARl  which 
will  deal  with  the  gecwetrlcal  theory  of  diffraction,  and  hotiefullv  this  will  comi'lement,  rather  than 
repeat,  the  work  that  Is  going  on  within  the  Rockwell  program. 

Next,  there  Is  sore  work  on  eddy  currents  which  Is  concerned  with  coll  design.  This  work  Is  done  at 
the  University  of  New  South  Hales  for  the  testing  of  wire  iMpe,  Again,  at  ARl  they  are  concerned 
particularly  with  the  effects  of  surface  coatings  on  the  leliablllty  of  the  magnetic  rubber  replica 
technique  ARl  Is  using  this  technique  to  axmltor  fatigue  ciNick  growth  In  aircraft  which  are  in 
service. 

Stewart  McBride  (Royal  Military  follecie  of  fanadal  Hell,  again  as  In  Australia,  the  piMblcvas  that  wc- 
fare  In  Panada  are  a little  bit  diffeient  frew  thr-  United  States  In  that  the  countri  leally  dciesn't 
have  a substantial  aircraft  Industry  and  so  we  are  relying  very  heavily  on  h.iving  the  vehicles  and 
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the  coaponentt,  etc..  suppHed  fro«  outside.  As  « result  of  this.  proPshly  there  Is  In  the  stetistl- 
cel  sense,  very  little  stork  tieinq  done.  We  Just  don't  h*ve  «ny  aasslye  fleets  of  ilrcreft  end  there- 
fore ste  Cinnot  develop  tny  stetlstics.  Rcther  we  siould  t>e  hoping  to  use  Aaeriren  statistics  to  dt< 
son*  evaluation  on  what  is  an  extreaiely  smII  fleet.  With  this  In  elnd.  It  Is  aost  unlikely  that 
there  will  be  a aasslve  effort  going  on  In  defect  character! 7at Ion  as  has  been  done  here.  However, 
at  Drawn  Military  College  In  a way  we  are  having  a good  look  at  the  problee  of  transferability  of 
the  Infonnatlon  froai  the  laboratory  to  the  field,  and  this  Includes  aspects  that  haven't  been  dis- 
cussed here  at  the  conference.  For  Instance,  one  of  the  aspects  of  the  prograw  that  I a*  Involved  In 
Is  a post-graduate  progra*  In  essentially  nondestructive  evaluation  where  we  take  In  ullltary  officers 
subjecting  theai  to  a Master's  Degree  program  which  Involves  quantitative  ultrasonics  and  acoustic 
emission,  studies  In  holography,  a modest  background  In  microprocessing,  stress  waves  in  solids  and 
so  on.  We  are  hoping  that  we  will  essentially  be  putting  these  people  Into  positions  as  they 
apply  to  field  units.  We  are  hoping  that  these  officers  will  be  able  to  nwke  some  contribution 
to  this  transition  from  NDT  In  the  laboratory  to  field  applications.  We  take  Into  consideration 
that  In  Canada  we  are  really  talking  about  the  evaluation  of  American  equipment  rather  than  trying 
to  really  develop  new  things  on  our  own. 

i From  the  technical  point  of  view,  the  tendency  In  Canada  Is  to  say  "keep  up  with  the  state-of-the- 

art  In  NOl  and  the  transition  to  whetever  it  will  be  In  a couple  of  years  In  NDF."  But  at  the  samr 
time,  the  trick  has  to  be  to  be  able  to  detect  the  defects  In  service.  Furthermore,  the  more  com- 
plex the  methods  become,  the  farther  and  farther  we  are  almost  bound  to  go  away  frcwi  a hundred  per- 
cent Inspection  of  the  vehicle.  That  Is  why  we  are  going  toward  continuous  In-service  monitoring 
and  the  particular  technique  we  are  usinq  at  the  present  tlme--and  we  seem  to  be  using  It  successful- 
ly, at  least  In  the  cases  we  are  working  on--ls  acoustic  emission.  1 would  envisage  that  there  will 
be  a shift  towards  a fairly  serious  look  at  In-service  engine  health  monitoring. 

Now,  In  the  acoustic  emission  effort,  which  Is  the  one  that  I am  avst  actively  Involved  In,  It  has 
taken  three  directions.  One  Is,  by  our  standards,  a fairly  massive  attempt  In  the  laboratorv.  We've 
taken  essentially  the  material  that  we  have  the  biggest  problems  with,  7075  aluminum,  spend  a lot 
of  time  on  fatigue  crack  propagation  In  this  amterial,  and  try  to  essentially  use  acoustic  emission 
In  a way  that  It  was  really  a criticality  detector.  In  other  words,  not  really  thinking  about 
actual  flaw  si«,  but  trying  to  concentrate  on  the  site  of  the  next  Jun^i  that  the  crack  Is  going  to 
make.  With  that  In  mind,  the  work  has  been  directed  toward  trying  to  relate  the  acoustic  emission 
signal  to  the  amplitude  of  the  acoustic  emission  signal.  In  particular  to  the  new  area  of  the  frac- 
ture surface  that  was  generated  by  the  most  recent  crack  advance.  What  this  piie.ins  Is  that  we  are 
really  talking  about  looking  at  unstable  crack  propagation  In  vehicles,  trying  to  wed  together  the 
continuously  periodic  maintenance  procedure  with  the  possibility  that  something  unusual  happens 
during  the  life  of  the  component.  So.  obviously,  laboratory  work  Is  much  cheaper  than  doing  It 
on  the  real  thing.  Having  done  that,  we  felt  that  there  had  to  be  an  effort  going  simultaneously 
with  this  one  where  we  would  be  looking  at  the  problem  of  transferring  the  acoustic  emission  data 
from  the  laboratory  Into  the  field.  Therefore,  we  are  fairly  successful  now  In  that  we  can  take 
the  acoustic  emission  data  and  transfer  It  from  one  geometry  to  another. 

The  third  effort  with  respect  to  the  acoustic  emissions  program  Is  to  try  to  start  putting  together 
a library  of  In-flight  noises  in  aircraft.  In  other  words,  rather  than  have  the  services  faced 
with  another  feasibility  study  every  time  they  ask  us  If  we  can  tackle  a problem,  we  are  anticipat- 
ing this  request  and  putting  together  a biHik  of  In-fllght  noises  In  the  acoustic  emission  range. 

Finally,  we  have  tackled  the  logistical  problem,  which  Is  always  the  most  difficult  one.  of  course: 
the  logistical  problem  of  having  data  collected  In-fllght  and  transferred  to  a data  analysis  center 
which  we  have  at  the  military  college. 

5o  far  we  have  been  successful  In  this  effort.  1 understand  that  there  have  been  some  failures  in 
use  of  acoustic  emission  In-fllqht.  We,  In  Canada,  have  not  run  Into  any  problems.  We  have  got 
a good  handle  on  the  site  of  the  acoustic  emission  signals,  how  they  are  related  to  fairly  gross 
features  on  the  fracture  surface.  We  have  deaxvnst rated  this  and  successfully  done  feasibility 
studies  In  one  aircraft.  A crack  and  the  crack  growth  has  been  detected  In  flight.  The  data  are  in 
good  agreement  with  expectations  on  newly  cracked  fracture  surfaces  and  the  acoustic  emission  data. 
Another  airplane  that  I had  a look  at  Is  the  CF104  and,  indeed,  there  Is  no  reason  to  suspect  that 
acoustic  emission  monitoring  cannot  take  place  on  wIng-fIttIng  type  components. 

David  Dean  (F.f.R  M.f.)-  I propose  to  limit  my  contribution  today  to  ultrasonic  techniques,  looking  at 
the  U.S.  effort  here,  I was  anaced  at  the  quantity  and  quality  of  it  and  it  was  very  difficult.  In 
fact,  for  me  to  find  any  area  where  we  are  doing  something  different.  But,  nevertheless,  I hope 
today  to  try  to  concentrate  on  these  areas  where  perhaps  there  Is  siime  difference  between  what  we 
In  (ngland  are  doing  and  what  Is  happening  In  the  U.S. 

We.  also,  have  a niaM»er  of  people  who  »rt  using  mini  and  mlcroctvmputers . These  are  used  for 
acquisition  and  processing  of  data,  control  of  scanners,  plotters,  etc.  In  fact,  1 can  list  the  NOT 
Center  at  Harwell,  the  Royal  Aircraft  f stabl Ishment  at  Farnborough,  and  mv  own  qrxvup  at  Perme  Westcote 
who  are  all  building  and  using  equipment  based  on  these  ilevlces.  And.  of  course,  with  modern  high 
speed  digifiters  It  Is  possible  to  store  nvnplete  Infonwtion  about  wave  forms  up  to  tens  of  megahertj 
these  days. 
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To  turn  to  (n*q1rt<j  systons,  h*r*  mt  t>»q«n  wori  oursvivrs  on  trying  to  tnwgt'  iVtnits  In  rocKot  motors 
«nd  rocket  motor  propeUtnts  This  Is  an  ai'ea  which  I don’t  think  has  been  attacked  very  much,  if  at 
all,  in  the  U.S.  We  began  using  technigues  which  are  being  pursued  still  by  Allbrtdge  at  Harwe)) 
for  the  examination  of  metals,  and  I think  his  work  is  also  used  for  human  NIIT,  wtirking  at  fairly 
high  frequencies.  On  the  other  hand,  we  have  been  xKirking  with  ultrasonic  frequencies  of  about  a 
hundred  hilohertj  to  one  megahertt.  You  cannot  go  any  higher,  unfortunately,  because  the  attenua- 
tion is  so  high  in  rocket  pixipeHant.  Over  the  last  few  years  we  have  developed  an  acoustic  holo- 
graphic technique  working  at  SOO  kilohertt.  We  ran  image  defects  in  IS-inch  cubes  of  dumiiy  propel- 
lant and  'ibtain  a resolution  of  about  two  wave  lengths.  Now,  we  want  to  develop  a system  to  work  in 
real  time.  At  the  aoment.  It  is  a fairly  straight  forward  scanning  system  with  a single  transducer. 
We  have  also  developed,  in  conjunction  with  another  UK  firm,  a T?A  eienent  matrix  of  three  milli- 
meter square  transducers.  These  are  switched  by  a light  beam  that  enables  us  to  select  any  element 
of  the  matrix.  This  matrix,  we  hope,  should  be  able  to  sense  holograais.  Plessev  in  the  ii.k.  has 
developed  for  us  a rapid  hologram  recorder.  Using  photochiximic  film,  it  can  produce  typically 
a ?(10  by  ?00  raster  in  less  than  a second  and,  as  far  as  resolutjon  goes,  one  can  get  down  to  about 
a thousand  by  thousand  raster  in  an  8 ma  square.  Naturally,  scanning  in  the  field  is  often  not  at 
all  easy  to  accomplish.  We  will  now  try  to  use  a manually  operated  device  which  senses  the  position 
of  the  transducer  with  sufficiently  high  resolution  to  form  polygrams  from  the  hand  scan  data. 

And  again,  of  course,  one  can  put  this  on  the  photogramic  film  for  later  pro.lection. 

Ashby  and  Turner  at  Bristol  University  are  imaging  in  glass  rather  similar  to  the  technique  we  saw  In 
the  poster  session.  They  are  using  glass  which  is  acoustically  matched  to  steel  and  produces 
images  in  the  glass  of  defects  In  the  steel. 

We  are  just  starting  work  with  Lethbridge  University  to  look  at  the  ultrasonic  equivalent  of  the 
X-ray  tomographic  technique  whereby  one  scans  the  specimen  In  a number  of  directions  and  from, 
say,  the  attenuation  or  the  phase  change,  time  delay  through  the  material,  etc.,  any  changes  in 
the  material . 

Now,  atoving  axtay  from  imaging  devices  to  the  area  where  defects  are  comparable  to  the  wave  length. 

We  had  a particular  problem  with  trying  to  find  very  sawll  defects  in  fairly  large  areas  of  material. 
We  set  up  a water  bath  system  in  which  we  used  a lens  and  put  a detector  at  the  focal  point  of  the 
lens.  We  look  at  the  defects  using  the  diffracted  energy  from  the  defect.  Of  course,  the  lens 
will  carry  out  the  Fourier  transform  provided  one  puts  the  detector  at  the  focal  point  in  the 
Fourier  plane.  We  used  a piezoelectric  detector  with  annular  rings  and  detected  the  energy  falling 
on  the  annular  rings  away  from  the  center  of  the  beam. 

Now,  there  is  a variety  of  techniques  available  in  the  U.k.  for  assessing  the  depth  of  surface 
breaking  cracks.  One  of  them,  due  to  Hunt,  relies  on  reflection  from  the  crack  tip.  Silk  and 
liddington,  for  example,  at  the  NOT  Center,  produced  a variety  of  technigues  which  rely  upon  travel 
times  of  ultrasonic  waves  around  surface  cracks.  One  needs  a very  good  understanding,  of  course,  of 
the  travel  paths  and  the  possible  mode  conversions  in  order  to  make  these  techniques  work,  but  I have 
no  d<^ubt  that  these  will  be  developed  further  in  the  coming  years. 

This  practical  work  is  backed  by  theoretical  work  at  City  University.  Bond  uses  a Ricker  pulse  to 
evaluate  the  effect  of  surface  cracks  on  Rayleigh  waves.  He  uses  a finite  difference  technique  in 
order  to  calculate  deflections  In  the  material  and  displays  this  on  a grid  which  is  distorted  by  the 
pulse  Of  course,  you  have  a series  of  these  grids  at  different  time  scans.  It  is  extremely 
easy  to  understand  these  phenomena  and  one  can  see  ptvgress.  This  work  is  going  to  be  extended 
to  other  ty|vs  of  models.  There  is  similar  work  going  on  by  Temt'le  at  the  NOT  Center,  Harwell. 
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DISCUSSION 


M.  J.  Buckley,  Moderator  (ARPA):  Well,  we  have  some  time  now  for  questions.  First,  1 would  like  to  make 
one  comment.  1 think  people  qet  somewhat  of  a misconception,  perhaps,  of  what  the  NO!  activity  in 
this  country  consists  of  by  this  one  meettng,  I don't  know  what  percentage  of  research  In  NOf  is 
represented  by  this  meeting,  but  it  is  probably  about  S percent  and  certainly  it  is  the  most  basic 
part  of  any  of  the  research  which  I am  aware  of,  at  least  as  a large  entity.  Most  of  the  resources 
that  are  spent  by  the  government  are  in  far  more  applied  areas  of  solving  specific  problems  and  I 
think  you  see  that  sort  of  a trend  Is  coming  about  here.  But  this  program  was  trying  to  create  a 
different  level  of  technology  and  so  we  are  slowly  trying  to  move  that  towards  a reduction  to  prac- 
tice and  that's  the  reason  for  the  test  beds  But  just  basically,  most  of  the  work  is  much  more 

applied  in  this  country  and  we  have  never  quite  figured  out  how  to  put  the  researchers  and  the 

applied  research  side  and  everything  else  together  and  keep  any  large  percentage  of  the  audience  in 
the  room  at  the  same  time. 

Ellis  L.  Foster  (Battelle  Columbus  Lab):  I would  like  to  ask  the  speakers  to  maybe  comment  on  any  direc- 
tions in  the  evaluation  of  composites  that  might  be  going  on  in  their  country. 

David  S.  Dean  (P.E.R.M.t .);  We  do  have  problems,  trying  to  examine  carbon  fiber  optics.  We  have  used  a 
variety  of  techniques.  As  I said  before,  ultrasonics.  X-ray,  acoustic  emission.  In  short,  you  can 
see  areas  where  the  winding  Is  not  exactly  how  you  would  like  it  to  be  and  so  on.  But  it  is  ex- 
tremely difficult  to  know  what  these  are  going  to  do  in  practice  and  I just  cannot  find  anybody  yet 

who  can  tell  me.  About  the  only  technique  we  have  found  which  looks  like  It  may  be  helpful  is  acous- 
tic emission.  You  get  a massive  acoustic  emission  signal  in  mutilated  materials. 

Philip  Hodgetts  (Rockwell,  LAD):  1 would  like  to  ask  Mr.  McBride  if  he  has  had  any  problems  with  type  2 
errors  (erroneous  signals)  with  your  in-flight  monitoring?  It  is  our  goal  to  put  expensive  equip- 
ment on  airplanes  to  keep  them  flying  and  sometimes  we  worry  about  grounding  an  airplane  because 
we  have  got  a false  indication. 

Stewart  McBride  (Royal  Military  College  of  Canada):  Our  emphasis  has  been  trying  to  make  the  matter  as 
quantitative  as  we  possibly  ran  and  we  have  only  done  it  in  one  material.  But  at  this  point  we  are 
saying  we  have  Indeed  made  it  quantitative  in  that  material  in  terms  of  the  change  in  site  of  the 
crack.  We  are  not  really  using  it  as  a method  of  just  finding  the  noises.  In  fart,  at  the  present 
time  the  effort  has  been  fairly  primitive.  We  have  Just  started  using  microprocessor  methods  to 
look  at  the  data.  But  we  have  literally  set  a threshold,  collected  a lot  of  structural  noises  plus 
a very  small  number  of  acoustic  emission  signals.  Six,  I think  It  is  today,  in  6 months  out  of 
thousands  nf  noise  signals.  We  have  literally  scanned  all  the  spectra  of  all  the  signals.  We  have 
the  characteristic  difference  between  the  spectra  of  the  acoustic  emission  and  the  noises  and  we  know 
what  the  site  of  a particular  signal  means  in  terms  of  the  change  in  the  fracture  area.  We  are  not 
at  the  present  time  really  concerned  or  worried  about  type  ? errors.  We  think  we  have  solved  it  in 
the  one  case  we  have  tackled. 

The  other  thing  I should  point  out  on  the  In-fliqbt  monitor  is  that  we  got  one  side  pay-off,  which 
might  be  a very  Important  one.  We  were  able  to  pin  down  exactly  where  in  the  flight  pattern  unstable 
crack  qrciwth  is  taking  place  in  a particular  component.  And  this  has  turned  out  to  be  of  great  in- 
terest to  the  people  who  are  doing  the  laboratory  testing  of  the  simulated  structures. 

Unidentified  Speaker:  The  question  Is  what  type  of  an  area  of  in-flight  monitoring  did  you  monitor?  Was 
it  a local iled  area  or  was  It  a fairly  large  area^ 

Stewart  McBride:  The  entire  effort  at  the  present  time  is  directed  toward  a single  wing  fitting.  In 
other  words,  we  are  spe(  Ifically  picking  components  that  are  not  really  fail-safe  components.  If 
they  go,  the  aircraft  goes,  essentially.  It  is  an  isolated  wing  fitting  that  we  are  looking  at. 

W Sachse  (fornell  University):  I wonder  if  I could  hear  some  comments  about  approaches  that  have  been 
taken  on  calibration  blocks,  development  of  test  blocks,  and  things  like  that  which  can  be  used  to 
calibrate  and  standardlte  ultrasonic  measurements, 

Paul  Holler  (Saarbriicken) '.  With  regard  to  Just  physically  calibrating  instrumentation,  I think  there  ts 
nothing  extraordinary  to  say  besides  perhaps  a point  that  we  are  relying  more  In  the  ultrasonic  field 
on  flat  reflectors  instead  of  globulars. 

With  regard  to  simulating  defects,  we  try  to  make  artificial  defects  which  are  similar  to  real  de- 
fects. Eddy  current  work  is  done  with  very  narrow  actual  cracks.  We  are  also  trying  to  make 
corrosion  defects  and  other  types  of  real  defects  and  trying  to  maintain  a collection  of  specimens 
which  have  failed,  in  the  sense  of  NDE . 

Tom  Cooper  (AFMl);  I would  like  to  direct  a question  to  Doctor  McBride.  Several  years  ago  under  the 

auspices  of  T T.C  P , which  is  the  U.S. -Canada-Enqiand-Austral ia-New  Zealand  cooperative  effort,  we 
were  trying  to  develop  a noise  source,  a standard  for  use  of  acoustic  emission,  I think  based  on  the 
helium  Jet  test  that  you  worked  on.  Can  you  tell  us  what  the  status  of  that  is?  Has  that  been 
accepted  now  as  a calibration  standard  for  acoustic  emission? 
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SteMrt  McBride:  I suppose  I have  accepted  It.  The  general  status  of  It  is  that  there  has  been  an  inter- 
nal test  within  T.T.C.P.  program.  I don't  think,  really,  the  test  has  been  sufficiently  wide  enough 
however.  We  seem  to  have  at  least  convinced  ourselves  that  we  are  able  to  use  a helium  gas  jet  to 
get  some  Indication  of  the  acoustic  response. 

In  terms  of  acceptance,  I suppose  the  answer  would  be  a guarded  yes.  It  seems  to  be  becoming  a 
little  bit  more  accepted.  It  has  a serious  disadvantage,  however.  In  that  it  only  gives  you  ampli- 
tude versus  spectrum  and  no  phase  and  no  rise  time  information.  But  from  the  particular  approach  that 
I have  been  using  It  Is  giving  me  the  information  that  I feel  I need  at  this  time. 

Peter  Doyle  (Aeronautical  Research  Lab);  I would  like  just  to  add,  too,  '.he  acoustic  emission  people 
from  Alpha  prefer  the  helium  jet  to  any  other  technique  they  use. 
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ABSTRACT 

Since  some  years  our  team  has  worked  on  the  characterization  of  rough  surfaces  from  a study  of  the 
angular  and  frequency  dependence  of  the  backscattered  Intensity  of  ultrasonic  waves.  He  shall  discuss.  In 
view  of  our  experimental  results,  the  different  components  of  the  signature  of  the  surface  profile  which 
can  be  evaluated  by  these  means: 

-r.m.s.  roughness  h with  a precision  of  the  order  of  1 urn  in  the  range  6-100  urn, 

-Influence  of  the  autocorrelation  distance  L, 

-when  present,  surface  periodicities  with  a precision  which  can  be  better  than  1?. 

In  the  case  of  quasiperlodic  surfaces,  we  shall  present  a comparison  between  the  spectra  theoretically 
predicted  in  the  low-frequency  approximation  for  various  samples,  and  the  ultrasonic  spectra  actually 
observed. 

Since  1977,  we  have  also  used  Rayleigh  waves  to  study  surface  properties  and  surface  cracks  in 
ceramics  and  metals  and  we  shall  give  an  introduction  to  the  results  obtained  at  the  present  time.  This 
tooic  will  be  developed  by  B.R.  Tittmann  In  a following  paper. 


INTRODUCTION 

The  scattering  of  ultrasonic  waves  by  rough 
surfaces  has  been  studied  quite  extensively  at  fre- 
quencies below  1 MHz  because  of  Its  great  impor- 
tance In  underwater  acoustics.  In  the  field  of  NDE 
where  the  ultrasonic  frequencies  are  one  or  two 
orders  of  magnitude  higher,  this  problem  has 
received  much  less  attention.  In  certain  circum- 
stances of  practical  interest,  the  control  of  sur- 
face roughness  may  be  very  useful , among  them  we 
can  quote: 

- roughness  of  the  paint  on  super  tankers  Is  one 
of  the  main  limitations  to  their  velocity, 

- roughness  of  the  internal  surfaces  of  vessels 
submitted  to  Intensive  corrosion  (chemical  and 
nuclear  industries), 

- influence  of  the  surface  roughness  on  the  propa- 
gation and  entrance  of  ultrasound  waves  and  of 
the  roughness  of  crack  faces  on  the  possibility 
of  obtaining  the  "signature"  of  these  flaws. 

We  shall  describe  In  the  first  main  section 
the  two  experimental  approaches  used  in  our  labora- 
tory and  then  present  the  results  obtained  on 
surfaces  with  random  and  periodic  roughness.  The 
next  two  sections  will  be  devoted  to  the  problem  of 
natural  surfaces  where  both  periodic  and  random 
components  are  present  In  the  profile  and  to  an  out- 
line of  the  work  done  this  year  on  the  characteri- 
zation of  surface  flaws  by  Rayleigh  waves. 

E XPE  R I MENTAL  PROCE  DURES 

In  our  experiments  on  the  scattering  of  ultra- 
sound by  rough  surfaces,  we  always  use  water  as  a 
coupling  medium  between  the  transducer  and  the  sur- 
face under  test.  The  transducer  acts  as  transmitter 
and  receiver  and  the  target  Is  placed  In  the  far 
field  of  the  probe.  Two  different  experimental 
set-ups  are  used: 


- the  first  one  Is  derived  from  a classical  narrow- 
band  pulse-echo  apparatus  which  has  been  fully 
automated  and  records  the  variation  of  the  hark- 
scattered  ultrasonic  energy  versus  the  angle  of 
incidence, 

- the  second  one  uses  wide-band  ultrasonic  pulses 
and  signal  processing  of  the  received  echo 
Including  frequency  analysis. 

Narrow-Band  Apparatus 

This  equipment  has  been  described  elsewhere.' 
The  ultrasonic  pulses  have  a duration  of  1.5  uS  and 
center  frequencies  of  2,  5,  15  or  25  '*Hz;  the  pulse 
repetition  frequency  Is  1 KHz.  The  rotation  of  the 
sample  is  achieved  by  means  of  a stepping-motor  and 
each  step  of  the  motor  corresponds  to  a variation 
A(1=0.9°  of  the  angle  of  Incidence  «,  which  can  be 
varied  from  -27°  to  +27°  with  respect  to  normal 
Incidence  (6=0).  For  each  value  of  o In  this  range, 
the  normalized  value  l0=I(0)/I(O)  of  the  back- 
scattered  echo  Is  recorded. 

Experiments.  Ultrasonic  Spectroscopy  - 

The  ultrasonic  pulse  emitted  has  quite  a large 
bandwidth  (2  to  9 MHz  within  3 dB).  The  spectrum 
of  the  echo  received  from  a perfect  reflector  is 
given  In  Fig.  1.  The  received  signal  is  amplified 
and  gated  In  order  to  select  the  portion  of  the 
signal  to  be  processed  (Fig.  2).  This  time-domain 
signal  can  then  either  be  fed  to  a conventional 
spectrum  analyzer  or  be  sampled,  converted  to  digi- 
tal, and  then  processed  by  the  calculator  (Fourier 
spectrum  via  the  F.F.T.  algorithm,  autocorrelation, 
....).  The  2000  channels  analyzer  Is  used  for  ran- 
domly rough  surfaces  to  calculate  the  mean  value  of 
the  spectrum  for  various  parts  of  the  target  at  the 
same  incidence.  It  Is  also  used  In  a rather 
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oeciilidr  way  when  we  extract  the  perlodIcUy  of 
natural  samples  by  the  method  of  “contracted 
spectra"  (see  s IVi. 


surfaces  with  a known  value  of  h.  Ixamiiles  are 
i|lven  In  figs.  3 and  4 for  roughnesses  ranging  from 
b to  93  \,m  studied  at  S MHt. 


Flq  I Ultrasonic  spectrum  of  the  signal  reflected 
by  a perfect  reflector  at  normal  Incidence. 
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Flq.  ? Block  diagram  of  the  electronic  equipment 
(wide-band) 


RANDOMLY  ROUGH  SURFACES 

The  main  component  of  the  signature  of  such 
scatterers  Is  the  r.m.s.  roughness  h of  the  profile. 
He  had  shown  previously  that  the  angular  variations 
of  the  backscattered  ultrasonic  power  are  correlated 
to  the  value  of  this  parameter  and  Independent  of 
the  specific  nature  of  the  surface  (monocrystal, 
metal,  paint,  tissue).  We  have  recorded  In  the 
memory  of  the  calculator  the  results  obtained  for 


Tig.  3 Plot  of  the  variations  of  the  normal Ited 
backscattered  ultrasonic  Intensity  I^ 
versus  the  angle  of  Incidence  for  various 
value  of  the  r.m.s.  roughness  h, 


Fig.  4 Plot  of  the  variations  of  the  noi-mallted 
Intensity  I„  versus  the  r.m.s.  value  of 
the  roughness  h. 

When  we  want  to  obtain  an  ultrasonic  estimate 
of  the  roughness  of  a given  surface,  we  put  the 
sample  In  the  apparatus  and  the  calculator  controls 
the  whole  experiment,  records  the  backscattering 
diagram  for  angles  of  Incidence  varying  from  -?r 
to  ♦27”  , and  calculates  the  mean  value  Irtfcr  n sets 
of  experiments  corresponding  to  the  same  angle  of 
Incidence  o but  on  different  parts  of  the  sample, 
or  corresponding  to  rotation  of  the  surface  In  Its 
own  plane.  Then  the  calculator  uses  the  least 
square  method  to  obtain  an  analytical  form  of  the 
function  le*f(i'),  pnakes  a conH)ar1son  with  the 
reference  values  (Figs.  3 and  4)  and  displays  the 
ultrasonic  estimate  of  h and  Its  absolute  error  Ah. 
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We  see  in  Flq.  4 that  for  roughness  greater 
than  40  ui"  at  5 itiz,  the  curve  l0(h)  tends  to  satu- 
rate, Icadino  to  a bad  estimate  of  h along  this 
procedure.  For  samples  exhibiting  quite  a large 
roughness,  we  use  a smaller  ultrasonic  frequency 
(2  Itiz).  For  very  small  values  of  the  roughness 
(<5  urn)  at  5 MHz,  the  scattering  Is  almost  only 
specular  and  better  measurements  are  achieved  at 
higher  frequencies  (15,  25  MHz). 

The  procedure  leads  to  an  estimate  of  the 
value  of  the  roughness  h with  a precision  of  1 um 
In  the  range  (5um<h<40Mm)  and  2 um  for  higher  values 
of  h.  Ultrasonic  spectroscopy  has  also  been  applied 
to  the  characterization  of  rough  surfaces.  He  have 
plotted  In  Fig.  5 the  normalized  spectrum  [Ue)/ 
l(e»0)l  of  the  signal  backscattered  by  two  different 
randomly  rough  surfaces  Insonifled  at  an  angle  of 
Incidence  of  4°.  The  frequency  content  of  the  sig- 
nal Is  the  same  for  the  three  experiments  at  fre- 
quencies smaller  than  3 MHz,  but  the  difference 
between  the  spectra  of  higher  frequencies  Is  charac- 
teristic of  the  roughness.  Some  oscillations  are 
observed  In  the  spectrum  for  sample  c because  Its 
profile  has  a noticeable  periodic  component. 


rncQucNCC  < mhz  > 


Fig.  5 Normalized  spectrum  of  the  signals  back- 
scattered  from  randomly  rough  surfaces: 
a)  h • 18um,  b)  h • 13um,  c)  h • Sum 

Experiments  are  beginning  on  the  scattering 
by  back  surfaces  of  random  roughness  where  the 
ultrasonic  beam  enters  a metallic  slab  by  a smooth 
surface. 

PERIODICALLY  ROUGH  SURFACES 

For  periodically  rough  surfaces,  ultrasonic 
spectroscopy  has  proved  to  be  a very  powerful  means 
of  profile  characterization. 

Like  In  optics,  the  spectrum  of  the  signal 
scattered  by  a diffraction  grating  exhibits  diffrac- 
tion lines  corresponding  to  the  different  orders  n 
of  diffraction.  Their  frequencies  f„,  are  given  by 
Bragg's  formula 

24  sine  ■ mx  • m(vc/f_)  , (1) 

where  A*  grating  spacing  constant,  >•  wave  length, 
e ■ angle  of  Incidence  (autocolllmatlon),  and  v^  • 
velocity  of  sound. 


Figure  6 represents  the  spectrun  of  the  signal 
diffracted  by  a grating  (A*400um)  for  an  angle  of 
autocolllmatlon  of  70“  . This  spectruii  has  not  been 
corrected  by  the  spectrum  of  the  Incldeiit  pulse. 
Four  sharp  diffraction  lines  corresponding  to  the 
fundamental  and  three  first  harmonics  (m»l,2,3,4) 
are  observed. 
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Fig.  6 Spectrum  of  the  signal  diffracted  by  a 
grating  (A-400um)  at  an  angle  of  auto- 
colllmation  e*70“ . 

The  most  precise  determination  of  the  periodi- 
city A of  the  grating  Is  obtained  by  plotting  (Fig. 
7)  the  frequencies  f„,(e)  of  the  diffraction  lines 
obtained  at  various  angles  of  Incidence  versus 
1/sine.  Bragg's  relationship  can  be  written 

f„  * 'n(vs/ZA)(s1n0)'’  (2) 


and  we  obtain  one  straight  line  for  each  order  of 
diffraction.  The  value  of  A Is  then  deduced  from 
the  slopes  of  these  lines.  The  precision  attained 
by  this  method  on  the  estimate  of  A Is  better  than  IX. 

This  method  has  also  been  applied  to  samples 
presenting  a periodicity  along  two  mutually  perpen- 
dicular directions  and  we  have  shown' by  a compari- 
son between  the  results  obtained  with  a true  square 
lattice  engraved  In  lead  and  that  obtained  for  a 
grid  with  a square  mesh  that  this  technique  Is  sensi- 
tive to  the  true  periodicity  In  the  crystallographic 
sense  for  which  the  grid  Is  2a  along  the  wires  If  a 
Is  the  length  of  the  side  of  each  square. 

He  have  also  explained^  how  the  periodicity  can 
be  deduced  from  the  angular  scattering  diagram 
obtained  In  narrow-band  experiments  with  a precision 
of  the  same  order. 

Ue  had  observed  previously  that  for  gratings 
exhibiting  defects  In  periodicity,  "Rowland  ghosts" 
are  present  In  the  ultrasonic  spectra.  These  secon- 
dary diffraction  lines  correspond  to  sub-gratings 
with  periodicities  2A,  3A,  4a,  5a.  As  many  *s  17 
such  ghosts  have  been  observed  for  a poor  periodic 
grating  where  the  grooves  were  equally  spaced,  but 
had  different  depths.  All  these  "Rowland  ghosts" 
can  be  plotted  on  the  graph  f„,(l/slne)  and  are 
disposed  along  straight  lines  corresponding  to  the 
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ordtr  of  diffractions  m^n/ft  Mhere  n and  p are 
Integers  (diffraction  by  the  sub-grating  pA).  We 
could  roughly  correlate  these  properties  of  the 
ultrasonic  spectra  with  the  periodicity  defects  of 
the  autocorrelation  function  of  the  profile. 


Fig.  7 Plot  of  the  frequencies  f^  of  the  diffrac- 
tion lines  of  order  m versus  (l/s1ne)  for  a 
diffraction  grating  with  a spacing  constant 
A • 400uiii. 


In  1976-77^  we  have  successfully  applied  the 
Mrchkoff  method  In  the  low  frequency  approximation 
to  deduce  from  the  known  profile  t(x)  of  a given 
grating  the  ultrasonic  power  spectrun  diffracted  at 
a given  frequency  f and  angle  of  autocol 1 Imatlon  P. 

For  a grating  with  a spectral  periodicity  A 
(ilong  an  axis  x of  the  surface),  the  amplitude  of 
the  diffracted  wave  A(f,8)  for  an  Incident  plane 
wave  Is  given  by 
♦L 

A{f,e)-G,(0)  / exp(21k|xs1ne-c(x)cosft|  (dx 

' J (3) 

-L 


where  2L  Is  the  length  of  the  grating  and  k the 
magnitude  of  the  wave  vector  of  the  ultrasonic 
waves.  Many  theoretical  approaches  leading  to  this 
same  formula’*^*®  differ  only  by  the  angular  depen- 
dence factor  G^(0). 

In  the  low  frequency  approximation 

2k  t'x)  cosfl  <<1  , (4) 


♦L 

A(f.e)  . fGjCe)  f exp  -S'f.'’)u(x)  dx  (5) 


and  the  amplitude  of  the  m^^  diffraction  line  for  a 
perfect  grating  Is  proportional  to  the  m***  coeffi- 
cient of  the  development  of  the  profile  t(x)  In 
Fourier  series. 

In  order  to  test  the  validity  of  this  very 
simple  theoretical  approach,  we  have  built  8 
diffraction  gratings  exhibitng  different  profiles 
(peak-to-val ley  heights;  4gmvR<23iim),  but  having 
the  same  periodicity  (A-400um).  The  profile  of 
each  grating  has  been  measured  with  a sampling 
distance  of  40  m and  the  values  obtained  are  used 
In  the  subsequent  theoretical  calculations  of  the 
Fast  Fourier  Transform  of  the  profile. 

Figure  8 Is  a theory  versus  experiment  compari- 
son for  the  values  of  the  Intensities  of  the  two 
first  diffraction  lines  (m»l,2)  and  two  different 
angles  of  autocol  1 1matlon  (6*6?, TOf).  The  values 
Indicated  In  dB  are  normalized  versus  the  value 
obtained  for  the  roughest  of  our  8 samples.  The 
correlation  r’  Is  equal  to  0.95  and  the  slope  of 
the  regression  line  Is  very  close  to  1 (1.03). 
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Fig.  8 Experimental  values  of  the  ratio  I„,f(e)/ 
I-,(0)  versus  the  theoretical  ones 
l-'jie)  ■ Intensity  of  the  line  of  order  m 
for  sample  1 . 


In  Fig.  9,  we  present  a comparison  between  the 
ultrasonic  spectra  and  the  spectra  computed  from  the 
F.F.T.  of  the  profile  and  corrected  for  the  spectrum 
of  the  Incident  ultrasonic  pulse.  The  comparison  Is 
only  valid  for  frequencies  smaller  than  5 MHz,  which 
corresponds  to  the  limit  of  validity  of  the  low- 
frequency  approximation  that  we  use. 

Figure  9-1  corresponds  to  the  roughest  sample 
(R«23iim)  and  Fig.  9-2  to  a smoother  one  (R»8.4um). 

A rather  good  agreement  exists  between  the  experi- 
mental results  and  the  theoretical  expectations, 
especially  for  the  diffraction  lines.  The  background 
between  the  peaks  Is  not  very  well  predicted  and  this 
"noise"  Is  generally  greater  In  the  theoretical  result 
than  In  the  experimental  one.  Two  explanations  can 
be  given  for  these  discrepancies;  1)  the  non-unifor- 
mity of  the  Insonificatlon  of  the  grating  and  the 
shape  of  our  electronic  gate  which  can  give  rise  to 
a smoothing  of  the  spectrum  between  the  lines  (like 
the  Hanning  window  In  F.F.T.  computations);  2)  the 
lack  of  a statistical  treatment  of  different  profiles 
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Fig.  9-1(4) 
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Fig.  9 Comparison  betwpon  a)  ultrasonic  spoctrum; 
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b)  spectrum  computed  from  the  F.F.T  of  the  profile 
(corrected) 


SCATTERING  OF  RAYLEIGH  HAVES 

_ . . By.  W f 

During  the  sUy  of  B.R.  Tittmenn  In  our  labora- 
tory, we  began  a set  of  experiments  In  this  field, 
and  t want  only  to  Introduce  the  paper  that  he  will 
give  In  this  same  session.  He  have  studied  penny- 
shape  surface  flaws  In  ceramics  and  metals.  The 
radius  of  the  flaws  where  less  or  equal  to  lOOum  In 
ceramics  and  of  the  order  of  one  millimeter  In 
metals  and  three  different  techniques  have  been  used 
for  the  generation  of  surface  waves:  SAH  delay  line 
In  contact  with  the  surface  for  high  frequency 
experiments  (100  MHt),  wedge  transducers  for  low 
frequency  narrow-band  experiments  (2  to  10  MHz), 
water  bath  coupling  for  wide  band  experiments  at 
low  frequencies  (2  to  9 MHzl.  The  first  parameter 
that  we  have  been  able  to  measure  u1 trasonically  Is 
the  radius  of  the  cracks  with  a 10»  accuracy.' 


CONCkUSJPN 

He  have  shown  that  with  good  accuracy,  ultra- 
sonic backscattering  experiments  can  lead  to  an  esti- 
mate of  the  first  statistical  parameter  characteris- 
tic of  randomly  rough  surfaces:  the  r.m.s.  rough- 
ness h.  At  the  present  time,  we  are  not  able  to 
deduce  from  our  experiments  the  values  of  the  auto- 
correlation distance  L of  the  profile;  the  Influence 
of  this  parameter  on  the  backscattering  Is  much  less 
than  that  of  the  roughness.  For  periodically  rough 
surfaces.  It  Is  quite  easy  to  measure  u1 trasonically 
the  periodicity  with  a precision  better  than  U, 
both  using  narrow-band  or  wide-band  pulses  (ultra- 
sonic spectroscopy).  He  have  also  been  able  to 
predict  theoretically  quite  correctly  the  spectra  of 
the  echoes  diffracted  from  gratings  In  the  low  fre- 
quency range.  Nevertheless,  the  Inverse  problem 
remains  unsolved  and  we  continue  Its  study.  For 
"natural"  surface,  we  have  shown  that  the  method  of 
summation  of  "contracted  spectra"  Is  very  powerful 
to  detect  hidden  periodicities. 

Besides  rough  surfaces,  we  also  are  studying 
the  scattering  of  ultrasound  by  surface  cracks  and 
by  cylindrical  targets,  but  I also  want  to  emphasize 
the  good  results  that  we  have  obtained  for  the 
characterization  of  living  tissues.®  For  this 
purpose  we  use  an  extension  of  the  techniques  devel- 
oped In  this  paper.  A review  of  our  results  In  that 
field  will  be  presented  at  the  1978  Ultrasonics 
Sympos1;aii. 
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sampled  along  paraUel  lines  perpendicular  to  the 
direction  of  periodicity  (the  theoretical  calcula- 
tion uses  only  one  profile  and  small  local  inhomo- 
geneities are  present  in  the  samples).  Fig.  9-3 
corresponds  to  a grating  with  inhomogeneitics 
related  to  a sub-grating  with  a periodicity  2S  and 
the  Howland  ghosts"  observed  are  predicted  by  the 
theoretical  calculation. 

WTURAl  ROUGH  SURFACES 

The  profile  of  a natural  surface  has  both  a 
periodic  and  a random  component.  The  signature  of 
such  a scatterer  must  contain  information  about 
these  two  components.  We  have  proposed  a method 
("contracted  spectra")  leading  to  an  ultrasonic 
estimate  of  the  periodicities  of  the  profile,  even 
when  its  main  part  is  random.  This  method  is  based 
upon  Bragg's  formula  which  can  be  written 

f sine  • mvj/ZA  (6) 


One  can  deduce  that  if,  instead  of  recording 
the  spectrum  1(f),  we  record  the  “contracted  spec- 
trum" I(f  sine),  in  the  second  one  the  diffraction 
line  of  a given  order  m occurs  for  all  values  of  the 
angle  a at  the  same  abscissa  f^sine.  The  procedure 
uses  the  2000  channels  analyzer  (Fig.  2).  For  each 
angle  of  incidence  e^,  the  sweep  time  of  this 
apparatus  is  adjusted  in  order  that  only  the 
(2000  sinat)  first  channels  of  the  analyzer  are 
filled  during  the  time  T of  readout  of  the  whole 
spectrum  (0,10  MHz)  from  the  spectrum  analyzer.  For 
each  rough  sample  a set  of  n experiments  (N«  20)  is 
performed  using  different  values  e.  ranging  from 
to  7(f  , and  the  analyzer  carries  out  the  summation 
of  these  "contracted  spectra"  I(f  sinOj)  and 
finally  displays  the  corresponding  curve 

J^l(f  sina^) 

i-1 


This  is  illustrated  in  Fig.  10  where  you  can 
compare  the  very  messy  spectrum  observed  with  a 
rough  surface  where  the  main  component  of  the  pro- 
file is  random  and  the  rather  nice  result  of  the 
sunmation  of  22  "contracted  spectra"  exhibiting 
three  diffraction  lines.  From  the  values  of  fn,s1na 
we  deduce  for  this  sample  a spatial  periodicity 
Aexn*(395t7)um.  Actually,  this  sample  has  been  made 
by  first  engraving  in  lead  a grating  with  a spacing 
constant  A*(400*2)Mm  and  then  roughening  the  sur- 
face until  the  grooves  become  unnoticeabie,  even  on 
a microphotograph  (Fig.  10a). 


Fig.  10  - Sample  34,  Comparison  between  the  spectrun 
displayed  on  the  freguerny  analyzer  (a), 
and  the  content  of  the  2000  channels  when 
22  experiments  have  been  performed  using 
the  procedure  described  in  the  text,  (b)i 
a microphotograph  cf  the  surface  of  the 
sample  is  given  in  (c). 
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G.  Hermann  (Stanford  University):  I was  wondering  if  there  are  any  practical  situations  where  periodic 
surface  roughness  exists? 

6.  Quentin  (University  of  Paris  VII):  Yes.  In  a practical  situation  materials  which  have  been  machined 
always  have  a periodic  roughness  if  they  are  not  polished.  Usually  in  industry  you  don't  polish  the 
saatple.  It  is  only  physicists  which  polish  samples.  Another  point  that  I did  not  mention  concerns 
roughness  and  random  roughness.  Random  roughness  seems  to  appear  even  on  a polished  surface. 

G.  Hermann:  Under  the  periodic  structure  on  the  periodic  surface  properties,  you  have  made  measurements 
on  periodic  gratings  which  you  have  manufactured  yourself  in  the  lab? 


G.  Quentin:  Yes,  but  some  work  has  been  on  metal  surfaces  aiachined  in  the  usual  fashion. 


RIVIEW  OF  CRACK  DEPTH  MEASUREMENT  BY  ULTRASONICS 
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ABSTRACT 

Research  concerning  bulk  and  surface  wave  methods  for  the  measure«nent  of  the  depth  of  surface-breaKing 
cracks  will  be  reviewed.  This  review  will  examine  techniques  for  measuring  crack  depths  which  are  based 
on  the  scattered  pulse  amplitude,  time-of-f 1 ight  methods,  and  ultrasonic  spectroscopic  analysis.  Measure- 
ment of  the  transit  time  of  bulk  waves  appears  most  likely  to  provide  simple  and  reliable  depth  measurement 
in  the  near  future.  Promising  directions  for  future  research  will  be  discussed. 


INTRODUCTION 

Ultrasonic  methods  are  widely  used  in  the  detec- 
tion of  both  internal  and  surface  defects  in  struc- 
tural materials.  Because  of  increasing  design 
complexity,  e.g.,  the  application  of  fracture  mech- 
anics concepts  to  aircraft  design,'  there  Is  a 
special  motivation  to  develop  quantitative,  rather 
than  simply  qualitative,  techniques  for  non-destruc- 
tive evaluation  (NOE). 

This  paper  reviMS  recent  ultrasonic  research 
directed  towards  the  measurement  of  the  depth  of 
surface-breaking  cracks  which  have  already  been 
located  by  ultrasonic  or  other  l®E  methods.  Both 
bulk  (P  or  S)  and  surface  (R)  wave  techniques  are 
included.  The  first  general  approach  considered  is 
the  relationship  between  crack  depth  and  the  strengti) 
i<f  the  signal  scattered  by  a crack  from  an  ultrasonic 
beam.  Next,  depth  measurement  based  on  the  transit 
times  for  waves  following  various  paths  around  the 
crack  is  reviewed.  Finally,  the  potential  of  ultra- 
sonic spectroscopic  analysis  to  measure  small  cracks 
and  indicate  crack  morphology  is  discussed.  When  it 
helps  clarify  the  state  of  the  art  for  surface  flaws, 
brief  consideration  is  given  throughout  the  paper  to 
related  work  dealing  with  the  ultrasonic  examination 
of  internal  flaws.  The  potential  of  ultrasonic  and 
acousto-optical  imaging  techniques  is  not  discussed 
in  this  review. 

SCATTERED  AMPLITUDE  METHODS 

The  most  common  use  of  an  ultrasonic  probe  is 
in  the  simple  pulse-Kho  technique  which  detects  the 
return  signal  scattered  by  a flaw  situated  beyond 
the  'dead  zone'  of  the  transducer.?  The  strength  of 
the  signal  gives  some  indication  of  the  size  of  the 
flaw,  but  quantitative  estimation  of  size  requires 
careful  Interpretation.  One  approach  to  this  analy- 
sis is  to  compare  the  signal  with  that  scattered  by 
a known  standard  defect.  Hitt^  introduced  flat- 
bottomed  holes  in  test  blocks  made  from  the  same 
material  as  the  specimen  under  test  as  reference 
standards  for  scattering  by  internal  defects.  While 
flat-bottomed  hole  standards  are  still  used,  Hislop^ 
argued  that  the  so-called  AVG  (distance-signal  vol- 
tage-defect Size)  diagram  of  KrautkrSmer,^  which 
quantifies  the  flatreflector  system  without  actually 
needing  sets  of  test  blocks,  provides  a simpler 
standard  for  Internal  flaw  measurements. 

For  the  surface  cracks  of  primary  interest  in 
this  paper,  reference  standards  often  consist  of 
spark  erod^  slots  or  saw  cuts  produced  in  a position 
geometrically  similar  to  that  for  the  crack  to  be 


measured.  However,  many  difficulties  are  associated 
with  the  use  of  artificial  reference  defects  ® Even 
after  transducer  coupling  variations  are  avoidt'd, 
the  return  signal  is  Influenced  by  crack  shape,  crack 
surface  roughness,  and  mode  conversion  upon  reflec- 
tion. The  signal  also  varies  with  the  frequency 
mode  and  bandwidth  of  the  probe.  Further,  much  of 
the  ultrasonic  intensity  ran  be  transmitted  across 
an  unloaded  fatigue  crack,  causing  the  return  pulse 
to  depend  on  the  state  of  stress  in  the  region  of 
the  crack.'  For  an  assembled  structure,  this  state 
of  stress  is  determined  by  material  type,  crack 
growth  history,  the  amount  of  stress  relaxation,  and 
induced  stresses.*'  Finally,  ignoring  interference 
effects,  which  depend  on  crack  size  and  orientation, 
can  cause  under-estimation  of  crack  depth.  These 
effects  preyent  the  intensity  of  the  reflected  pulse 
from  always  increasing  monotonical ly  with  crack 
depth,  as  is  assimed  in  simple  theory 

Corbly  et  al^  overcame  some  of  the  above  diffi- 
culties by  using  a known  fatigue  crack,  in  the  same 
nwterial  and  geometrical  configuration  as  the  un- 
known crack,  as  a reference  standard  for  the  pulse- 
echo  technique.  They  employed  S-wave  reflection  to 
find  the  depths  of  fatigue  cracks  as  small  as  O.B  mm 
to  i 0.?  nw.  While  this  accuracy  is  excellent,  the 
unknown  cracks  were  prepared  by  the  same  constant 
amplitude  loading  cycle  as  the  standard  crack. 

Further  work  is  needed  to  establish  if  and  when  the 
yarying  loading  history  of  cracks  encountered  In 
practice  significantly  alters  their  reflectivity, 
thereby  influencing  the  reliability  of  this  technique. 

/rd!".  ''rJ.d.cJ p 

In  parallel  with  the  development  of  empirical 
methods  which  rely  on  referenc-e  standards,  a more 
fundamental  approach  to  crack  depth  measurement  is 
being  sought  through  more  detailed  consideration  of 
the  scattering  processes  l.i/olved.  The  complexitv 
of  the  interaction  of  a bea-  with  a surface  flaw 
has  been  graphically  illustrated  by  Baborovsky  et 
al,*'  who  used  Schlieren  visualization  to  demonstrate 
the  interaction  of  an  S-wave  pulse  with  a slit.  They 
describe  fourteen  possible  main  P and  S scattei-ed 
pulses  produced  by  various  combinations  of  mode 
conversion  and  diffraction  from  a single  incident 
pulse.  Not  all  of  these  scattered  pulses  are  strong 
for  any  one  crack  orientation  and  incident  pulse 
direction,  although  a strong  return  will  occur  for 
almost  any  of  them  at  suitable  incident  angles. 

Figure  I sketches  as  an  example  the  field  produced 
by  a ? MHz  shear  wave  pulse  incident  at  35*  on  a 
slit  two  wavelengths  deep  in  steel.  It  is  possible 
for  the  back-scattered  pulse  to  disappear  altogether 


at  suitable  angles  and  depths,  which  emphasizes  the  versus  defect  depth.  The  value  of  further  work 

caution  needed  in  applying  the  pulse-echo  technique.  along  these  lines  may  depend  on  the  validity  of  the 

approximations  Inherent  in  the  numerical  calculations 
for  the  near  field  of  the  scatterer. 


Fig.  1 Sketch  of  a cross-section  through  the  field 
produced  by  a 2 MHz  shear  wave  pulse 
incident  at  35°  on  a slit  two  wavelengths 
deep  in  steel. 

The  more  fundamental  and  general  approach  to 
depth  measurement  would  be  to  solve  rigorously  for 
the  interation  between  the  beam  and  the  flaw,  then 
determine  depth  by  comparing  theory  and  experiment 
at  suitable  scattering  angles.  A major  obstacle  to 
development  along  these  lines  is  the  difficulty  of 
obtaining  exact  solutions  for  the  scattering  of 
elastic  waves;  even  for  scatterers  in  infinite  media, 
solutions  exist  for  only  a few  simple  geometrical 
shapes. This  difficulty  has  led  to  a search  for 
suitable  approximate  solutions.  For  the  case  of 
internal  spheroidal  and  cylindrical  defects,  calcu- 
lations based  on  the  first  Born  approximation!^. 15 
have  been  compared  with  experiments  by  Tittmanni® 
who  found  good  agreement  for  back-scattering  ^com 
small  obstacles.  Tittmannl®  and  Adler  and  Lewis!' 
used  Keller's  geometrical  theory  to  approximate  the 
scattering  from  disc-shaped  flaws  (which  resemble 
Internal  cracks),  and  found  good  agreement  with 
experiments  for  the  larger  scatterers  for  which 
Keller's  theory  is  valid. 

For  surface  cracks,  multiple  scattering  due  to 
the  proximity  of  the  surface  to  the  obstacle  is  a 
further  serious  complication.  Bennett!"  expressed 
the  total  field  for  a set  of  scatterers  due  to  all 
multiple  scattering  in  terms  of  the  field  reflected 
by  each  scatterer  in  isolation.  He  calculated  as  an 
example  the  field  in  the  neighborhood  of  a cylinder 
adjacent  to  a plane  free  surface,  which  required 
nunerical  approximation  by  steepest  descent  of  some 
integrals.  Extending  this  work  to  the  case  of  a 
crack  at  a surface  would  be  valuable,  though  the 
formulation  is  complicated.  A useful,  but  less 
rigorous,  approach  was  adopted  by  Baborovsky  et  al  , 
who  numerically  treated  each  point  on  the  illixninated 
crack  face  as  a Huygen's  source  radiating  in  all 
directions  (Fig.  2).  The  calculated  field  at  an  exit 
point  includes  up  to  eighteen  contributions  from  wave 
s undergoing  one  to  three  scattering  events,  having 
due  regard  to  mode  conversion.  Empirical  corrections 
are  included  for  head  waves,  surface  waves  and  waves 
generated  at  the  crack  tip.  These  authors  found 
broad  agreement  between  computed  scattered  fields 
and  Schlieren  photographs  of  the  type  sketched  in 
Fig.  1.  They  made  a preliminary  study  of  the  pulse- 
echo  technique  by  concentrating  on  the  back-scattered 
part  of  the  field,  and  found  encouraging  agreement 
between  calculated  and  measured  curves  of  intensity 
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Fig.  2 Illustrating  the  model  of  Baborovsky  et  al  ; 
for  clarity  only  radiated  waves  of  one  mode 
caused  by  direct  illumination  are  shown. 

The  approach  to  crack  depth  measurement  from 
first  principles,  as  discussed  here,  is  providing 
the  necessary  understanding  of  the  interaction 
between  ultrasound  and  defect,  which  in  itself  is 
sufficient  motivation  for  its  continued  pursuit.  It 
may  be  that,  for  the  next  few  years  at  least,  simpler 
and  more  reliable  crack  depth  measurement  will  be 
based  on  other  approaches,  particularly  the  timing 
methods  discussed  below. 

Other  Amplitude  Methods 

A number  of  other  methods  using  scattered  ampli- 
tude to  measure  crack  depth  have  been  proposed. 
Bottcher  et  aKO  arranged  two  angle  probes  on  oppo- 
site sides  of  a slit  in  mild  steel  (Fig.  3);  a signal 
dependent  on  slit  depth  reaches  the  receiver  due  to 
scattering  by  those  gra  in  ^undaries  beyond  the  slit 
edge.  Silk  and  Lidington^l  pointed  out  that  diffrac- 
tion by  the  edge  also  contributes  to  the  signal. 

Crack  depth  could  be  measured  by  comparing  the  sig- 
nal received  from  an  unknown  defect  with  those  from 
known  slits,  provided  the  calibration  could  be 
reliably  established.  However,  there  are  significant 
differences  between  measurements  by  the  two  groups 
of  authors,  and  further  work  would  be  needed  to 
Improve  the  calibration.  Silk  and  Lidington  indicate 
a number  of  disadvantages  of  this  method;  these 
include  commonly  occurring  random  errors  caused  by 
scattering  from  inclusions  in  the  steel  and  by  probe 
coupling  variations.  Also,  the  technique  is  limited 
to  cracks  at  least  3-4  mm  deep,  due  to  the  physical 
size  of  transducers  and  probe  beam  width  and  to  the 
need  to  eliminate  interfering  surface  waves.  They 
found  that  a more  accurate  and  reliable  depth  mea- 
surement can  be  made  with  this  probe  configuration 
by  using  a timing  technique,  as  discussed  below. 
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Fig.  3 The  two-probe  configuration  used  by 
Bottcher  et  a1.^“ 


Durtng  « itudy  by  photorlAytU  visual  1 i«t ton  of 
the  Intaractton  of  waves  with  silts, 

Reinhardt  and  Daily”  noted  that  the  variation  of 
transmission  and  reflection  coefficients  with  crack 
depth  might  provide  a basis  for  the  measurement  of 
small  cracks  less  than  hal'  a wave-length  deep.  The 
transmission  of  Surface  waves  past  a crack  In  a 
fatigue  test  specimen  ims  In  fact  been  used^^  to 
monitor  crack  growth  from  an  Initial  precrack  1.?mm 
deep.  The  reflection  coefficient  for  surface  waves, 
which  varies  more  markedly  than  the  transmission 
coefficient  for  cracks  njch  smaller  than  the  wave- 
length, may  prove  more  useful  for  the  measurement  of 
very  small  cracks;  this  possibility  does  not  yet 
seem  to  have  been  thoroughly  Investigated. 

Finally,  we  consider  a rather  different  tech- 
nique proposed  recently  by  S11k.‘'  When  a surface 
wave  Is  directed  towards  a crack,  part  of  the  energy 
travels  down  the  crack  face  and  Is  radiated  over  a 
wide  range  of  angles  as  $-waves  fi"om  the  tip  (Fig. 
4).  An  $-wave  detector  of  known  angle  0 should  give 
maximum  response  at  two  positions,  one  at  each  side 
of  the  crack  tip.  Once  these  two  positions  are 
located  (for  one  surface  of  the  specimen),  the  crack 
depth  can  be  readily  found  geometrically.  This 
technique  has  the  advantage  of  requiring  neither  a 
refei-ence  standard  nor  a detailed  study  of  the 
scattering  process.  Silk  measured  fatigue  crack 
depth  greater  than  8 nm  to  an  accuracy  of  13t  with 
this  method,  though  It  Is  unsuitable  for  application 
to  small  cracks. 


within  a standard  erior  of  2-3 
about  30  mm  deep. 


for  cracks  up  to 


D1  Giacomo  et  al  described  an  alternative  method 
having  similar  accuracy  which  Is  suitable  for  deep 
cracks  (^  10  mm).  In  which  they  replaced  one  of  the 
measurements  by  moving  the  probe  close  to  the  crack, 
and  measured  the  transit  time  corresponding  to 
disappearance  of  the  direct  reflection  from  the 
crack  tip.  A focussed  beam  piobe  could  Improve  bcUh 
variations  of  the  technique  by  giving  greater  sensi- 
tivity for  tight  cracks  and  by  lesolvmg  more  abrupt 
changes  In  crack  edge  profile. 


Fig.  S The  technique  developed  by  Pi  Giacomo  et  al.‘ 
(a)  and  (b)  show  the  two  positions  at  which 
readings  were  taken. 
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Fig.  4 Depth  Measurement  be  detecting  S-waves 

produced  by  mode  conversion  of  R waves  at 
the  tip  using  an  S-wave  detector  of  known 
angle  0. 
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D1  Giacomo  et  al  directed  an  S-wave  towards 
a crack  at  an  angle  by  reflection  from  the  back  face 
of  a plate  (Fig.  5),  then  shifted  the  protie  away 
from  the  crack  face  until  the  position  shown  in 
Fig.  Sa  was  reached,  at  which  the  back -scattered 
pulse  was  about  to  disappear.  They  measured  the  time 
lag  between  generation  and  reception  of  the  reflected 
pulse,  as  well  as  that  when  the  transducer  was  moved 
back  through  the  maximun  amplitude  to  the  point 
where  the  signal  was  again  about  to  disappear  (Fig. 
5b).  The  crack  depth  was  found  from  these  two 
measurements  by  eliminating  the  effective  beam  dlvei^ 
gence  from  the  calculation.  The  technique  gave  the 
depth  of  tight  fatigue  cracks  In  plate  specimens 


Although  these  authors  did  not  discuss  the  possi- 
bility, their  methods  could  be  readily  modified  to 
provide  depth  measurement  for  cracks  opening  onto 
Inaccessible  surfaces.  While  use  was  made  of  signal 
amplitude  to  eliminate  the  finite  beam  width,  the 
self-noimal liation  implicit  In  the  techntgut  led 
D1  Giacomo  et  al  to  find  values  for  depth  alnost 
Independent  of  the  absolute  magnitude  of  the  scat- 
ter'ed  pulse.  Thus  this  technique  provides  a bridge 
between  those  methods  described  above  which  depend 
on  signal  amplitude,  and  those  which  are  solely 
variations  on  the  t Ime-of-fl Ight  approach. 

Silk  and  Lldington^'  used  the  configuration  of 
Fig.  3 to  determine  the  depth  of  artificial  slits  by 
measuring  the  time  delay  between  the  transmission  of 
a short  longitudinal  pulse,  and  Its  reception  after 
scattering  by  the  crack  edge.  With  a knowleilge  of 
probe  separation  and  wave  xpeed  In  the  specimen, 
elementary  geometry  relati  > crack  depth  to  this  time. 
A shallow  angle  of  20“  for  beam  entry  was  required 
to  achieve  a scattered  pulse  height  significantly 
above  noise  level;  this  geivnetry  causes  a loss  in 
the  accuracy  of  depth  measurement  proportional  to 
sin  20’.  However,  given  this  sufficiently  strong 
diffracted  P-wave,  the  required  pulse  was  easily 
identified,  since  It  preceded  any  other  pulses 
arriving  at  the  receiver,  such  as  mode  converted  5- 
waves  or  possibly  surface  waves.  Slots  10-40  twi 
deep  were  mea^iured  to  an  accuracy  of  » 0.5  iwi.  Silk 
and  Lldington'^  later  used  this  technique,  making 
meaningful  time  measurements  as  short  as  20  ns,  to 
measure  the  depth  of  artificial  slite  1-30  mm  deep 
to  within  ♦ 0.25  mm.  For  slits  of  varying  depth, 
they  measured  the  profile  of  the  edge.  A ve-y 
shallow  beam  entry  angle  of  10"  was  neiessary  for 
the  smaller  slits,  in  order  to  nwxlmlze  the  diffracted 


pulse  by  causing  the  centre  of  the  beam  to  impinge 
more  nearly  on  the  edge  of  the  crack. 

Recently,  acty^l  fatigue  crack  depths  in  steel 
have  been  measured* ■ to  • 0.2  tm  using  2.5  MHi 
longitudinal  probes,  though  in  all  cases  reported 
the  cracks  were  at  least  6 nm  deep.  Since  the 
measured  depth  is  a weighted  average  over  the  beam 
spread  along  the  crack  edge,  less  accuracy  is  obtain- 
able near  sharp  changes  in  depth  along  the  crack 
profile.  The  principal  limitation  on  accuracy  is 
the  change  in  pulse  shape,  which  complicates  identi- 
fication of  corresponding  points  in  the  transmitted 
and  received  wavefo>ms.  Tests  carried  out  under 
compressive  load  demonstrated  the  continued  accuracy 
of  this  technigue  even  for  tight  cracks,  whose 
ability  to  transmit  ultrasound  is  a serious  problem 
for  both  amplitude  techniques  and  for  the  surface 
wave  methods  discussed  below.  This  P-wave  technigue 
has  been  developed  at  Harwell  to  the  point  where 
visual  estimation  of  transit  time  has  been  replaced 
by  an  electronic  measurement  system.  Hence,  an  auto- 
matic accurate  crack  depth  meter  could  become  avail- 
able in  the  near  future.  In  addition,  different 
probe  arrangements  suitable  for  a wide  variety  of 
specinen  geometries  are  being  investigated.^® 

One  particularly  simple  method  is  to  mount  a 
single  probe  on  the  face  opposite  the  crack,  and  to 
use  time  measurement  to  determine  distance  from  the 
crack  tip  to  the  opposite  face  of  the  specimen.  This 
approach  was  used  by  both  Hunt^’  and  Winters’®  to 
measure  the  depth  of  fatigue  cracks  opening  on  the 
inside  of  large  gun  barrels.  The  observed  weak  sig- 
nals were  attributed  to  reflections  by  facets  near 
the  crack  tip;  some  cracks  tending  to  be  normal  to 
the  surface  were  missed  by  this  method.*^  The 
technigue  was  reliable  only  for  cracks  deeper  than 
2-4  mm.  Both  authors  reported  a systematic  depth 
indication  0-1  mm  below  the  true  values.  Silk  and 
Lidington’®  also  found  considerable  variations  in 
the  success  of  this  technique  when  applied  to  fatigue 
cracks.  They  discussed  in  an  oversimplified  way  the 
relative  contributions  to  the  signal  from  diffrac- 
tion, refraction  and  scattering  by  micro-defects 
near  the  crack  tip.  A more  detailed  theoretical 
study  of  these  mechanisms  including  the  effect  of 
mode  conversion  is  needed  to  establish  when  this 
single  probe  timing  method  is  reliable.  This  study 
would  be  doubly  valuable  if  carried  out  in  conjunc- 
tion with  photo-elastic  or  Schlieren  visualization 
experiments. 

The  use  of  the  slower  S-waves  ra'her  than  P- 
waves  increases  the  accuracy  in  converting  from  time 
delay  to  crack  depth  by  a factor  of  about  two.  This 
advantage  is  not  easily  realized  in  practice  with 
conventional  S-wave  probes,  due  to  difficulty  in 
identifying  the  relevant  S-wave  echoes  among  inter- 
fering signals.^' However,  using  a specially 
constructed  short  pulse  S-wave  probe  arranged  as  in 
Fig.  6.  Lloyd®'  measured  the  depth  of  artificial 
slits  0.75-4.5  ntn  deep  to  * 0.25  mm.  His  method  is 
based  on  the  theory  of  Freechian’^,  which  shows  that 
the  return  signal  consists  predominantly  of  pulses 
scattered  from  discontinuities,  in  this  case  the 
base  and  the  tip  of  the  slit.  Further  work  directed 
towards  exploiting  the  lower  speed  of  S-waves  for 
other  probe  configurations  could  prove  profitable, 
particularly  if  more  attention  is  paid  to  probe 
design  to  reduce  spurious  signals. 


Fig.  6 The  S-wave  method  of  Lloyd;  ' the  base 
reflection  is  coincident  with  the 
specular  reflection. 


Surface  Wave  Timing  Methods 

Several  authors  have  recently  investigated  the 
use  of  surface  waves  for  crack  depth  measurement. 
Because  they  follow  the  crack  profile,  surface  waves 
measure  the  length  L along  the  crack  face  to  its  tip, 
rather  than  the  more  useful  crack  depth  of  the  tip 
below  the  specimen  surface  (Fig.  7a^  ; however,  as  we 
shall  see  later,  more  complicated  experiments  can 
eliminate  this  restriction.  Also,  the  greater 
ability  of  these  waves  to  (lenetrate  small  gaps  often 
requires  tight  cracks,  or  cracks  with  solid  or  liquid 
filled  gaps,  to  be  opened  by  suitable  loading  of  the 
specimen  if  depth  measurement  is  to  be  achieved. 


Fig.  7 Crack  length  measurement  using  surface  waves. 

a)  Distinction  between  crack  depth  and  the 
crack  length  L. 

b)  Crack  length  measureii  by  the  surface  wave 
propagating  around  the  crack. 

c)  The  three  main  pulses  expected  at  the 
receiver.  Note  that  P,  5 and  both 
reflected  and  transmitted  R-waves  are  in 
general  all  produced  at  each  discontinuity. 


When  a surface  wave  reaches  a discontinuity  such 
as  a crack  opening  or  tip,  part  of  the  energy  will 
be  radiated  as  P or  5 waves  into  the  body  of  the 
specimen  and  part  will  be  reflected  bark  as  a sur- 
face wave,  leaving  the  remainder  to  bend  around  the 
corner  and  continue  as  a surface  wave.  Cook ’-I  found 
the  crack  length  L by  measuring  the  time  taken  for 
the  surface  wave  to  pass  around  the  crack  between 
two  transducers  (Fig.  7b).  This  methcid  was  later 
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found  to  be  accurate  for  most  fatigue  cracks  bavtnq 
L abjve  2 mn.  provided  the  transmitted  signal  could 
be  unequivocally  identified.^'  Unfortunately, 
attenuation  of  the  surface  wave  caused  by  the  crack 
morphology  and  the  roughness  of  the  surface  finish 
prevented  this  method  being  accurate  in  some  cases, 
and  perhaps  more  importantly,  it  was  not  possible 
to  kww  beforehand  which  cracks  would  be  unsuitable. 
Hall’'  further  clarified  this  technique  by  using 
photoelastic  visualization  of  the  interaction 
between  a surface  wave  and  notches  in  glass  speci* 
mens.  He  deawnstrated  that  three  main  pulses  are 
espected  at  the  receiver  - the  R-wave  transmitted 
around  the  crack,  a mode  converted  S-wave  propagating 
from  the  tip  over  a range  of  directions  including 
that  towards  the  receiver,  as  well  as  a diffracted 
S-wave  caused  by  an  unwanted  bulk  wave  produced  at 
the  transmitter  (fig  7c).  This  insight  facilitated 
the  measurement  of  9 mn  deep  fatigue  cracks  in  steel 
using  specially  designed  4.2  MHz  Rayleigh  wave 
probes.  Notches  down  to  about  1 mm  were  indicated 
by  broadening  of  the  received  pulse,  though  quanti- 
tative depth  measurement  by  simple  timing  only 
becomes  possible  when  the  three  main  signals  are 
resolved. 

Hudgell  et  a1'  introduced  an  alternative 
method  Suitable  for  paral lei -sided  specimens  (Fig. 

8),  which  uses  only  a single  probe.  This  mthod  is 
less  accurate  than  that  originated  by  Cook^-’,  but 
more  reliable  because  it  more  consistently  provides 
an  identifiable  signal.  Total  transit  time  is  mea- 
sured for  that  part  of  the  surface  wave  which  is 
converted  to  an  S-wave  at  the  tip,  reflected  from 
the  opposite  face  of  the  flat  specimen,  then  recon- 
ve'ted  to  a surface  wave  due  to  glancing  incidence 
at  the  tip,  and  finally  travels  bark  to  the  probe. 
Because  of  the  relatively  snail  difference  between 
R and  S wave  velocities,  this  method  required  mea- 
surement to  • 10  ns  by  time  interval  averaging  to 
estimate  fatigue  crack  edge  profiles  only  to  within 
about  i mm.  An  inherently  more  accurate  single 
probe  technique  measures  the  time  between  R-wave 
reflections  from  the  crack  opening  and  tip. 

Lidington  and  Silk^®  used  this  approach  to  measure 
the  depth  of  an  artificial  slit  up  to  30  nm  deep  to 
an  accuracy  of  • 0.2  inn.  They  were  not  able  to  deal 
with  slits  below  about  4 mm,  since  for  smal ler  depths 
the  tip  reflection  was  not  resolved  from  the  moder- 
ately short  pulse  from  the  slit  opening.  For  a 
fatigue  crack  profile  in  steel,  their  accuracy  in 
measuring  L dropped  to  i 0.8  mr,  possibly  due  to  a 
large  inclusion  concentration  giving  greater  back- 
ground intensity  in  the  signal.  Some  spuriously 
high  and  low  readings  were  found  for  this  real  crack, 
probably  caused  by  changes  in  the  crack  angle  and  by 
regions  of  cracking  parallel  to  the  plate  surface. 


Fig.  8 Crack  length  measurement  using  the  difference 
between  speeds  for  R and  S waves. 
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Silk  proposed  several  methods  aimed  at  finding 
rather  thai  length  for  a real  crack.  The 
most  interesting  of  these  first  measures  the  times 
of  flight  between  two  transducers  for  the  surface 
wave  propagating  around  the  crack,  and  for  the  mode 
converted  S-wave  originating  at  the  tip  (Fig.  9). 
Next,  the  roles  of  transmitting  and  receiving  probes 
are  reversed,  and  the  measurements  repeated.  With 
these  four  readings,  the  time  delay  involving  sur- 
face waves  can  be  eliminated  altogether,  leaving 
the  algebraic  equivalent  of  the  bulk  S-wave  timing 
method  of  Lloyd.^*  Silk  used  this  method  to  find 
the  depth  rather  than  I for  conveniently  deep  (22- 
30  mm)  fatigue  cracks  to  ♦ 0.5  mn. 


Fig.  9 Elimination  of  R-wave  transit  times  to 
find  crack  depth. 


The  surface  wave  techniques  described  here  have 
generally  not  been  ible  to  measure  such  small 
fatigue  cracks  as  have  the  more  successful  of  the 
bulk  wave  methods  considered  above,  nor  have  they 
usually  been  so  accurate,  reliable,  or  versatile. 
Nevertheless,  the  approach  is  at  a comparatively 
early  stage  of  development,  and  as  Silk’^  pointed 
Out,  may  not  yet  have  reached  its  full  potential, 
particularly  if  viewed  in  the  light  of  the  more 
sophisticated  treatment  of  the  received  pulses 
discussed  in  the  following  section. 


ULTRASONIC  SPECTROSCOPIC  ANALYSIS 

The  transit  time  terhninues  considered  so  far 
rely  on  one  or  more  pulses  being  identified  at  the 
receiver  without  any  need  for  processing  the  total 
signal.  One  approach  to  extending  these  methods  to 
smaller  cracks  and  to  mapping  the  morphology  of  the 
crack  face  is  to  pursue  further  analysis  of  the  sig- 
nal, either  in  the  time  domain  or  in  the  frequency 
dcvnain,  that  is,  to  adapt  the  development  of  ultra- 
sonic spectroscopy^'*’”  to  signals  from  surface 
flaws.  Work  in  this  field  has  to  date  been  mainly 
dii'ected  towards  the  study  of  internal  defects.  We 
shall  briefly  discuss  this  work,  as  it  will  help 
guide  the  development  of  the  spectroscopic  study  of 
surface  defects. 

Because  of  the  difficulty  in  developing  the 
theoreUcal  analysis,  Gericke^'  and  Wiistenberg  and 
Mundry”  suggested  empirically  forming  an  atlas  of 
signatures  for  reflections  from  different  types  of 
internal  flaws,  to  which  one  could  refer  to  inter- 
pret the  spectral  traces  obtained  from  unknown 
defects.  However,  ultrasonic  spectroscopy  has 
developed  along  rather  more  manageable  lines  through 
experimental  and  theoretical  studies  of  the  spectral 
traces  from  simply  shaped  objects  This  work 
Includes  a method  for  the  determination  of  the  size 
of  arbitrarily  oriented  flaws  of  two-dimensional 
(crack-like)  ge(yiijtry^0,41  j^d  studies  of  cylij^ri- 
cal  inclusions**'*'  and  of  spheroidal  cavities'’  in 
elastic  solids. 
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The  same  general  approach  described  above  for 
internal  defects  was  adopted  for  surface  flaws  by 
Morgan.^’  He  applied  spectroscopic  analysis  tech- 
niques to  the  study  of  surface  wave  reflections  from 
a slot  milled  in  alurainun.  The  reflections  from 
this  slot  using  a broad-band  (0.5-10  MHi)  Interdigi- 
tal transducer  were  as  in  Fig.  10a.  Each  corner  in 
the  slot,  whose  shape  is  shown  in  Fig.  10b,  acts  as 
a scattering  center.  He  introduced  two  methods  - 
the  time  reconstitution  method  and  the  cepstral 
method  - which  allow  later  signals  to  be  resolved 
from  each  other,  provided  the  signal  from  the  first 
scatterer  can  be  separated.  The  *ime  reconstitution 
method  requires  that  both  amplitude  and  phase  of  the 
reflected  signal  be  retained  for  analysis.  For  this 
method,  Morgan  wrote  the  Impulse  response  function 
for  the  surface  crack  In  terms  of  reflection  and 
transmission  coefficients  for  a set  of  scatterers, 
which  In  this  case  were  the  corners  In  the  slot.  He 
assumed  no  change  in  pulse  shape  upon  reflection, 
thereby  neglecting  dispersion.  Fig.  10c  shows  the 
experimentally  reconstituted  time  signal  for  the 
artificial  slot  and  Illustrates  the  correlations 
with  the  five  scattering  centres.  The  cepstral 
method,  which  does  not  require  the  phase  of  the 
reflected  signal,  gave  results  almost  identical  to 
Fig.  10c  for  the  artificial  slot.  For  this  alter- 
native method,  analogue  spectrum  analyzers  are 
applicable,  instead  of  the  digital  processing 
requires  to  obtain  phase  information  for  the  time 
reconstitution  approach. 


Fig.  10  The  spectroscopic  analysis  carried  out  for 
surface  waves  by  Morgan.*^ 

a)  The  original  reflected  signal. 

b)  The  geometry  of  the  slot. 

c)  The  experimentally  reconstituted 
time  signal . 


In  defining  his  original  Impulse  response 
function,  Morgan  did  not  consider  the  effect  of 
internal  cycles  between  scatterers  In  the  series. 

To  improve  the  correlation  between  signal  and  slit 
morphology,  these  contributions  to  the  signal  should 
be  evaluated  and  compared  with  the  errors  inherent 
In  the  computational  procedures.  The  future  devel- 
opment of  his  methods  also  depends  on  their  exten- 
sion to  the  morphologies  of  real  surface  cracks. 


would  be  largely  Independent  of  the  angle  of  the 
crack.  We  believe  that  a study  of  this  frequency 
dependence  may  prove  most  valuable  in  the  analysis 
of  broadened  pulses  received  in  the  interrogation 
of  shallow  cracks,  such  as  have  been  reported  by 
Hall.^’  In  any  case,  a more  rigorous  treatment  of 
the  frequency  dependence  than  has  been  given  to  date 
Is  required. 


DISCUSSION 

From  the  techniques  considered  in  this  review, 
bulk  wave  transit  time  measurements  appear  to  hold 
the  main  hope  for  the  near  future  to  provide  simple 
and  reliable  quantitative  crack  depth  measurement. 
Surface  wave  timing  methods  are  also  promising, 
though  they  are  perhaps  at  a slightly  earlier  stage 
of  development.  Further  fundamental  scattering 
studies  such  as  those  described  will  be  valuable  in 
providing  the  necessary  general  understanding  of 
the  basic  processes  involved,  particularly  if 
applied  to  the  scattering  in  the  region  of  the 
crack  tip. 

Not  only  greater  accuracy  and  reliability  of 
depth  measurement  are  desirable,  but  also  the  ability 
to  measure  smaller  cracks;  for  example,  cracks  O.Smn 
deep  are  often  critical  in  high  strength  steels  in 
aircraft  components.  Research  in  ultrasonic  spec- 
troscopic analysis,  possibly  along  the  lines  sug- 
gested, should  contribute  to  the  study  of  small 
cracks.  For  some  specimen  geometries,  another 
approach  which  may  be  developed  to  provide  quanti- 
tative measurement  is  the  use  of  guided  ultrasonic 
waves.  These  waves  have  been  used  to  detect  cracks 
down  to  0.05  nri  in  thin  tubes.’® 


The  ultrasonic  probes  used  are  another  area  for 
development.  Greater  accuracy  and  sensitivity  in 
measuring  the  depth  of  the  profile  of  small  cracks 
nay  be  possible  by  the  use  of  focused  probes, and 
particularly  by  the  use  of  single  pulse  genera- 
tion.Again,  improved  probe  design  may  allow 
exploitation  of  the  inherent  advantage  of  shear 
waves  over  pressure  waves  for  timing  techniques. 
Finally,  we  should  mention  that  only  single  cracks 
'.lave  been  studied  to  date;  nxjl  t1 -branched  cracks 
and  close  clusters  of  cracks  are  subjects  for 
future  study. 
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' f DISCUSSION 

I ; John  Brlnkitun,  Ch.ilrman  (Roikwolt  International  Sclenre  Center):  let  m*'  ask  a question.  On  your  last 

chart  you  showfsl  an  experimentally  reconstituted  siqnal. 

; I Peter  Doyle:  (Aeornautlcal  Research  Lab):  Yes. 

) John  Brinkman,  Ch.tinnan:  Can  you  comment  on  the  reconstitution? 

Peter  Doyle-  Yes.  What  we  did  was  simply  to  write  the  Impulse  resiwnse  function  In  terms  of  the  reflec- 
tion and  transmission  coefficients  and  then,  pixwlded  that  you  can  Identify  the  reflection  In  the 
I , first  cornt'r,  you  can  qo  to  the  answer 

John  Brinkman,  Chalrnwn;  Okay. 
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one  gets 

• Mp,  - p^lV^  • Vj  ♦ 1 S2:{Cj  - c^):  Sj  (7) 

Taking  the  volume  Integral  of  both  sides, 
applying  the  divergence  theorem  and  comparing  with 
tq.  (2),  we  obtain  finally 

*'’21  ■ \ * 1 
1 (8) 
For  an  air  filled  crack,  this  result  reduces  to 

*'’21  • iip  dv  (g) 

I where  p Is  the  density  and  c Is  the  stiffness 

matrix  of  the  surrounding  medium. 

I Now  we  make  the  key  assumption  that  Vj  and 

i SJ  are  the  fields  excited  with  an  Incident  power  P 

I ft  terminal  2 In  V)e  absence  of  the  c^rack  (Born 

Approximation).  Tn  other  words,  we  assume  that  the 
disturbance  of  the  fields  In  the  void  region  Is 
negligible.  Therefore,  from  here  on,  we  will  drop 
1 the  primes  In  the  field  quantities  with  subscript  2 

to  Indicate  that  they  are  unperturbed  fields;  I.e., 

1 I'rj,  - y (p  V^-VjtS^tcrSj)  dV  (10) 

: Vp  - — _ 

This  Is  a very  drastic  assumption,  but  has  been 
found  to  produce  useful  results  for  volume  voids  and 
cracks.’  Throughout  the  calculations,  we  will  assume 
1 that 

’ 1)  The  crack  Is  In  the  far  field  of  the  trans- 

ducer, therefore,  for  constant  power  Input  and  con- 
stant efficiency  of  the  transducer  with  frequency, 
the  fields  vary  proportionally  to  u . There  Is  an 
u)*'’  factor  coming  from  the  transducer  Itself’  and 
another  u*'’  factor  due  to  diffraction. 

11)  The  crack  Is  small  enough  that.  In  the 
vicinity  of  the  crack,  the  plane  wave  approximation 
to  the  fields  Is  possible  In  the  frequency  range  of 
Interest. 

Wr  have  Investigated  two  types  of  geometries. 

The  first  one  Is  the  single  transducer  system 
Tig.  2)  »d<ere  only  one  transducer  moved  around  a cir- 
cular path,  is  used  for  both  transmission  and  recep- 
tion, In  Eg.  (10)  this  can  be  simulated  by  changing 
the  subscript  2 to  1 everywhere.  The  other  is 
the  double  transducer  system  (Figure  3)  where  the 
receiving  transducer  stays  fixed  In  the  direction 
normal  to  the  crack  and  the  transmitting  transducer 
Is  moved  around  a circular  path.  By  angular  scat- 
tering, we  mean  the  variation  of  transmission  (or 
reflection)  coefficient  (normalized  with  respect  to 
the  value  for  0*0)  with  the  angle  6 defined  In 
Figs.  2 and  3.  By  frequency  response,  we  mean  the 


[ N99 

i 

i 

L 


variation  of  the  (arbitrarily  normalized)  refle.tlon 
coefficient  for  normal  Incidence  (e  ■ 0)  with  fre- 
quency. The  arbitrary  normalization  Is  due  to  the 
fact  that  we  cannot  evaluate  P In  tq.  (10)  without 
the  knowledge  of  the  transducer  used  In  an  actual 
experiment. 


I 


Fig.  2.  Single  transducer  system  and  crack 
geometry 
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Fig.  3.  Double  transducer  system  and  crack 
geometry 

Throughout  the  analysis,  we  assume  that  the 
crack  Is  elliptic  In  cross  section  and  uniform  In 
thickness. 

"K1rchoff"_. Approach  - Consider  an  electromagnetic 
problem  In  vlnlch  a set  of  sources  are  r,id1at1nq  In 
the  presence  of  a conductive  obstacle  ( Mg.  4a  I. 
Using  the  Induction  theorem,'  one  can  replace  the 
Incident  field  by  equivalent  surface  currents  In  the 
presence  of  Jhe  obstacle  The  problem  Is  still  as 


J 


[ 
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hard  as  the  original  problem,  but  for  some  geome- 
tries, one  can  use  Image  theory  to  simplify  the 
problem.  Using  the  same  Idea  we  can  say  that  the 
effect  of  the  ifiLident  ultrasonic  field  on  a void 
can  be  represented  bv  a body  force  layer  with  the 
void  present  ( Fig.  4b  ).  In  what  we  call  "Kirchoff" 
approach,  we  neglect  the  effect  of  "Images"  to  be 
considered  and  replace  the  crark  with  a body  force 
layer  which  cancels  the  etfect  of  normal  traction 
of  the  Incident  field  ( Fig.  5 ). 


Fig.  4.  Induction  theorem  (a)  In  electromagnetics, 
(b)  In  ultrasonics. 


Fig.  6.  Coordinate  system  used  In  defining  Ray- 
leigh wave  modes. 
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and  using  mode  expansion  techniques,’  It  can 
shown  that 

be 

a(e)  « 

[/"  (V  • F)  dxdy 

(14) 
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where 


F Is  the  body  force  distribution  over 
the  crack  surface  In  Figure  5, 

V Is  the  modal  field  propagating  In  the 
e direction, 

e Is  the  angle  between  the  propagation 
vector  of  the  scattered  wave  compo- 
nent and  normal  vector  to  the  crack, 
a(e)  is  the  amplitude  of  the  scattered 
field  In  the  6 direction. 


Numerical  Methods  - The  Integrals  In  Eqs.  (10)  and 
(14)  were  f(rst  converted  to  a single  Integral  along 
the  depth  of  the  crack.  That  Integral  was  then 
evaluated  using  16  point  Gauss'  Integration  Formula. 


The  calculations  were  carried  out  and  plotted  using 
an  HP  9820  calculator.  The  results  were  also  check- 


s 


ed  for  accuracy  with  those  calculated  using  the 
IBM  370  computer.  In  double  precision  mode. 
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CoMp«r<«on  of  ttethods  - For  dee£  ct^cks  (h  > X) 
th#  width'  Is  In  th«  ord^  oT  several  wave- 
lengths. one  can  form  a model  based  on  geometrical 
and  optical  diffraction  theory**’  and  can  deduce 
that  the  backscatter  pattern  for  a single  trans- 
ducer system  goes  as  slnx/n  where 

X • * sin  6 

and  the  transmission  pattern  for  double  transducer 
goes  as  sinx/x  where 

X - n * sin  e . 


Fig.  7.  Comparison  of  Born,  Ulrchoff  and  the 
Geometrical  Diffraction  methods  for  a 
deep  crack. 


In  fig,  7 we  compare  our  results  for  Born, 
klrchoff,  and  the  Geometrical  Diffraction  methods. 

The  crack  Is  fairly  deep  and  single  transducer  geome- 
try Is  used.  All  three  methods  agree  reasonably 
well.  From  the  position  of  the  nulls,  one  can  deter- 
mine the  width  of  a deep  crack.  In  fig.  8 the  same 
comparison  Is  made  for  a shallow  crack.  We  observe 
that  the  nulls  of  the  patterns  shift  for  a shallow 
crack.  Note  that  the  amplitude  level  for  Klrchoff 
approximation  Is  almost  the  same  as  that  for  sInx/x 
but  the  amplitude  for  Born  Is  always  greater.  Ex- 
perimentally, the  reflection  coefficient  amplitude 
Is  very  much  larger  than  sinx/x  . For  this  reason 
we  consider  that  the  Born  Approximation  gives  more 
realistic  results  than  Klrchoff, 

In  Figs  and  10  we  show  the  shift  of  null 
for  another  crack  with  two  different  thicknesses. 

As  Is  easily  seen,  the  thickness  change  does  not 
cause  a null  shift.  In  Mg.  11  we  plot  the  effect 
of  thickness  change  more  explicitly.  The  only  effect 
Is  the  Increase  In  relative  amplitudes. 

For  the  double  transducer  system,  we  observe 
the  same  behavior  except  that  the  position  of  the 
first  null  occurs  at  the  position  of  the  seiond  null 
for  the  single  transducer  system.  In  1 ig.  1?  we 
show  the  null  shift  for  the  double  transducer  case. 


Fig.  8.  Comparison  of  Born  and  Klrchoff  methods 
for  a shallow  crack. 


Fig.  d.  Effect  of  height  change  for  a thin  crack. 


In  Figs.  IT  and  14  we  show  the  frequency 
response  (both  curves  normaltaed  with  the  same  value 
estimated  from  experimental  results)  at  normal  Inci- 
dence for  some  EDN  notches’  tested  by  Khurl -Yakub 
and  co-workers*  at  Stanford.  Although  we  do  not  ob- 
tain the  resonances  observed  experimentally,  the 
theoretical  calculations  predict  reasonably  well  the 
background  variation  of  scattering  with  frequency. 
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EFFECT  OF  height  CHANGE  (WIDE  SEBARATION) 

\^/K„  • I 00  t/X„  >0.15 

h/X,  •0.15 

h/X, -0.30 

h/X,  . 1.00 


lin«  _ w , « 

-|p,  «•  2ir  -j-  line 


l0  20  30  40  50  60roH090 

e,  BACKSCATTER  ANGLE 


Fig.  iO.  Effect  of  height  change  for  a thick 
crack  (Born  Approximation). 
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iFig.  11.  Effect  of  thickness  change  (Born 
Approximation) . 
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Fig.  12.  Double  transducer  case,  w/Xp»  2.00. 
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Fig.  13.  Frequency  response  of  cracks  1,  2,  3. 
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Fig.  14,  Freguency  response  of  cracks  4.  5,  6. 


Inverse  Proyem  - The  shift  of  the  nulls  with  crack 
depth  cTiange  suggests  the  following  procedure  for 
predicting  the  depth.  Since  at  high  frequencies 
the  nulls  are  the  same  as  those  for  sinx/v  pat- 
tern, the  first  aim  is  to  find  a "high"  frequency, 
fh  • where  the  crack  is  effectively  deep.  This  can 
be  achieved  by  measuring  the  position  of  a specified 
null  (say  the  m-th  null)  at  different  frequencies 
and  observing  its  convergence  towards  that  of  the 
sinx/K  pattern.  Once  that  high  frequency  is  found, 
one  can  determine  the  width  of  the  crack  using  the 
formula 

M / « r \ 

f,  ■ ">1 

where  V|^  is  the  Rayleigh  wave  velocity. 

Then  at  a low  frequency,  fj^  , one  can  compare 
the  position  of  the  null  with  the  one  obtained  from 

Sind  . (16) 

and  if  a shift  is  obseryed,  one  can  determine  tne 
height  using  a look-up  table.  If  no  shift  is  ob- 
served at  the  lowest  frequency  where  a null  is 
observed,  the  conclusion  is  that  the  depth  is  great- 
er than  -3/4  \ at  that  frequency.  The  accuracy  of 
the  method  depends  on  the  choice  of  the  frequency 
f),  . 'f  it  is  chosen  greater  than  necessary,  the 
nulls  occur  with  very  close  spacing  in  0 and  the 
error  in  determining  the  width  increases 

Conclusion  - In  this  paper,  we  investigated  the 
RayleTq)!  wave  scattering  from  surface  cracks  using 
two  approximate  methods.  Although  we  put  emphasis 
on  the  Born  Approximation  in  this  paper,  we  are  not 
sure  which  method  gives  better  results  on  the  shift 
of  nulls  with  effective  depth  change.  Owing  to  the 
fact  that  we  did  not  have  enough  experimental  data, 
we  still  are  unable  to  favor  one  method  over 
another. 


The  deficiency  of  the  methods  is  that  they  do 
not  predict  the  resonances  observed  experimentally 
in  frequency  response.  We  are  now  trying  to  obtain 
a variational  expression  for  the  form  factor  of  the 
scattering  pattern  to  be  able  to  see  the  resonances 
in  frequency  response. 
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DISCUSSION 


Walter  Kohn  (University  of  California,  San  0ie9o):  Could  you  please  clarify  one  point  for  we?  On  the 
one  hand  you  explain  that  you  are  referring  to  earlier  remarks  to  the  effect  that,  for  the  crack, 
the  born  approximation  doesn't  really  give  anything.  On  the  other  hand,  you  then  show  the  results. 
Could  you  clarify  this  situation? 

B.A.  Auld  (Stanford  University);  What  I'm  saying,  Walter,  when  we're  talking  about  born  here,  we're 
talking  about  tOH  slots.  They  have  a finite  effect. 


Walter  Kohn;  However,  you  seem  to  get  good  results  even  for  a very  small  thickness.  Is  that  because 
you  Just  show  relative  values? 


B.A. 


Auld.  Yes.  We  are  looking  at  the  variation  and  we  have  not  made  a comparison  with 
amplitude  of  the  return.  We  haven't  made  a comparison  with  the  actual  axg'litude  of 
because,  in  fact,  I don't  know  that  we  have  enough  experimental  data  yet.  We  would 
at  that. 


the  actual 
the  return 
like  to  look 


Walter  Kohn:  So,  only  when  the  thing  becomes  very  thin,  then  the  method  fails. 


B.  A.  Auld;  Something  terrible  happens,  yes,  I'm  sure 

Gordon  Kino  (Stanford  University):  I think  there  is  a form  of  the  born  approximation  which  can  be  used 
for  cracks  which  is  fair.  With  an  infinitesimally  thin  crack,  you  might  turn  to  a surface  integral 
rather  than  a volume  integral  and  assume  that  the  displacement  on  the  surface  is  the  uniierturbed 
displacement.  I believe  you  get  results  out  of  it  that  are  okay. 


B.  A.  Auld;  Yes,  I agree  with  you. 

Gordon  Kino;  It  comes  down,  in  fact,  to  exactly  what  you  have  said.  You  then  turn  it  bark  into  a volume 
Integral.  Further.  1 would  like  to  ask  about  variational  principles.  I think  there  have  already  been 
variational  principles  derived  in  this  field  by  the  reciprocity  theorem  which  would  work  on  this. 

B.  A.  Auld;  Yes.  that  is  true  and  we  do  want  to  look  at  that  In  fact,  I think  you  did. 


SURFACE  CRACK  CHARACTERIZATION;  GEOMETRY  AND  STRESS  INTENSITY  FACTOR  MEASUREMENTS 
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ABSTRACT 

The  reflection  coefficient  of  a Rayleigh  wave  at  a surface  crack.  Is  measured  In  both  the  long  wave- 
length and  the  short  wavelength  limits.  From  the  long  wavelength  measurement,  the  maKlmum  value  of  the 
stress  Intensity  factor  Is  evaluated.  Using  glass  samples,  we  have  formed  surface  cracks,  measured  their 
reflection  coefficient,  and  predicted  failure  stress  with  an  error  of  less  than  5%  from  the  measured  frac- 
ture stress.  In  short  wavelength  limit,  the  reflection  coefficient  Is  measured  versus  frequency. 

Length  and  depth  resonances  of  the  crack  are  observed  and  used  to  estimate  the  crack  geometry  with  an 
accuracy  of  10-201  for  EDM  notches  In  steel. 


INTROpUCTJW 

It  Is  Important  to  characterize  surface  cracks, 
so  as  to  be  able  to  determine  their  size,  and  ef- 
fect on  the  breaking  stress  of  a structure.  In  this 
work,  we  describe  two  different  techniques  for  char- 
acterizing surface  cracks.  The  reflection  coeffi- 
cient of  a Rayleigh  wave  at  the  crack  Is  measured 
versus  frequency  In  both  the  long  wavelength  and 
the  short  wavelength  limits.  From  the  long  wave- 
length measurement,  the  maximum  value  of  the  stress 
Intensity  factor  Is  calculated,  and  the  fracture 
stress  due  to  the  presence  of  the  surface  crack  Is 
estimated.  For  larger  cracks,  the  short  wavelength 
measurement  of  the  reflection  coefficient  versus 
frequency  Is  employed.  Length  and  depth  resonances 
are  detected  by  measuring  maxima  and  minima  In  the 
reflection  coefficient  and  used  to  estimate  the 
length  and  depth  of  the  crack.  The  fracture  stress 
Is  then  estimated  from  the  knowledge  of  the  exact 
dimensions  of  the  crack.  It  Is  Important  to  note 
both  the  long  wavelength  and  short  wavelength  mea- 
surements are  done  at  one  angle  of  Incidence  only. 

STRESS  INTENSITY  FACTOR  MEASUREMENT 




determined.  They  showed  that  the  measureo  nor- 
malized maxinxjm  SIF  should  vary  by  less  than  lOt 
for  an  elliptic  crack  where  the  ratio  of  major  to 
minor  axis  varies  from  20  to  1 for  cracks  of  the 
same  area. 

Our  aim  has  been  to  check  this  theory  experi- 
mentally. For  this  purpose  we  decided  to  work  with 
surface  cracks  of  a roughly  semi -elliptical  shape, 
for  they  are  easier  to  produce.  He  assumed  that 
the  same  type  of  theory  would  hold  for  surface 
cracks  as  for  cracks  in  the  bulk.  He  decided  to 
carry  out  the  experiments  with  a brittle  material, 
glass,  so  that  the  critical  maximum  SIF  could  be 
checked  by  a simple  fracture  test.  Finally,  we 
modified  the  theory  to  make  It  appropriate  for  use 
with  acoustic  surface  waves,  and  to  simplify  the 
experimental  measurement  technique  as  much  as  pos- 
sible. This  was  done  by  supposing  that  the  crack 
location  and  alignment  could  he  found  by  a high 
frequency  measurement  or  in  our  case  by  locating 
It  by  eye.  Then,  we  showed  a single  measurement 
of  the  reflection  coefficient  of  a surface  acoustic 
wave  Incident  normal  to  the  surface  of  the  crack  is 
needed  to  evaluate  the  maximum  value  of  the  nor- 
malized SIF. 


In  order  to  understand  the  principles  of  the 
measurement,  consider  first  a sample  with  a flat 
elliptical  shaped  crack  present  In  the  Interior. 
Hhen  a far  field  stress  Is  applied  with  a compo- 
nent 0^2  normal  to  the  face  of  the  crack,  the 
'ocal  stress  o in  the  plane  of  the  crack  will  be 
of  the  form 


Kj(s) 

vfwr  vTiTr 


(1) 


where  r is  the  distance  along  the  normal  from  the 
crack  edge  and  K.(s)  is  known  as  the  stress  In- 
tensity factor  at  a distance  s along  the  crack 
edge.  The  crack  will  grow,  and  hence  a brittle 
sample  will  break  at  the  point  where  the  maximum 
value  of  Kj(s)  exceeds  the  fracture  toughness 
Kj^  Of  the  material . 

It  was  shown  by  Budlansky  and  Rice'  that  by 
carrying  out  three  measurements  of  the  reflection 
coefficient  of  an  acoustic  wave  with  a wavelength 
much  larger  than  the  dimensions  of  the  crack,  the 
maximum  value  of  the  normalized  stress  Intensity 
factor  (SIF),  kj(s)  defined  In  Eg.  (1)  could  be 


The  reflection  coefficients  of  a surface  acous 
tic  wave  is  given  by  the  relation’ 


^11  ■ T / "zz^V^  (2) 

S •' 
crack 

for  the  crack  configuration  in  Fig.  1,  where  S 
Is  the  crack  area,  Is  the  stress  at  the  crack, 

before  introduction  of  the  crack,  associated  with 
an  incident  surface  wave  of  unit  power,  and  Auj 
Is  the  displacement  of  crack  surface.  The  parame- 
ters Au^  and  are  proportional  to  the  equiv- 

alent quantities  for  an  applied  static  stress  when 
the  depth  of  the  crack  is  much  smaller  than  a wave- 
length. It  has  been  shown  by  Budlansky  and  Rice 
that  for  elliptic  cracks,  the  displacement  jump 
integral  Is  also  given  by  the  relation' 


/' 


Au.dS 


(3) 


where  E Is  Young's  modulus.  By  using  the  scat- 
tering theory.  It  can  then  be  shown  that  the  follow- 
ing expression  for  kjnyix  * surface  crack  can 
be  obtained  in  terms  of  the  reflection  coefficient 
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a flat  small  diameter,  flat  end  piston. 


of  a Surface  wave. 


Iman 


3 


'11' 


2^7  [l  - (Vj/V^T^ 


l,/6 


(4) 


where  is  the  Rayleigh  wavelength,  , V[  , 
and  V,  "the  shear,  extensional,  and  longitudinal 
wave  velocities,  respectively,  2 the  distance  of 
the  transducer  from  the  crack,  and  fj  a nortnal- 
ited  quantity  '0.5  tabulated  by  Auld  for  Rayleigh 
waves. J*"  Me  note  that  k^^;^  is  proportional  to 
iSiil''*  . This  is  because  k.  is  proportional  to 
the  square  root  of  the  crack  size  while  Sjj  is 
proportional  to  the  cube  of  the  crack  size.  Hence 
a large  experimental  error  in  measuring  iSjjl  re- 
sults in  a much  smaller  error  in  kimjx  • 


Fig.  1.  Schematic  diagram  of  surface  crack  and 
test  set  up. 


The  discs  were  loaded  to  fracture  at  a loading 
rate  of  approximately  60  MPa  per  second  using  an 
MTS  System  810  servohydraul ic  testing  machine  oper- 
ated in  stroke  control  mode.  The  loading  rate  was 
chosen  to  minimize  possible  Slow  crack  growth 
effects.'  To  further  insure  against  environmental 
influences  (humidity),  the  specimens  were  pumped 
down  in  a vacuum  for  1 hour  prior  to  strength  test- 
ing, and  subjected  to  a stream  of  dry  nitrogen  gas 
for  i minutes  prior  to  and  during  the  flexure  test. 

Once  the  specimens  were  fractured,  the  geome- 
try of  the  precracks  was  studied  by  examining  the 
fracture  surface  with  a metallograph  using  reflect- 
ed light  and  a*  a magnification  of  50  - 100  X.  The 
aspect  ratio  (a/c)  of  the  semi -el  1 ipt ical  surface 
precracks  could  then  be  easily  measured  using  an 
eyepiece  with  a properly  graduated  reticle. 


The  stress  intensity  factor  for  the  precrack 
IS  evaluated  by  the  method  of  Shaw  and  Kobayashi.* 
This  analysis  was  chosen  because  it  not  only  takes 
into  account  the  proximity  of  the  back  surface  to 
the  precrack,  but  also  allows  for  the  presence  of 
linearly  varying  stress  field  along  the  glass  width 
The  expression  for  the  maximum  stress  intensity  is 


K 


1 


E(k) 


(5) 


where  E(k)  is  an  elliptic  integral  of  the  second 
kind.  Mg  is  a magnification  factor  which  takes 
into  account  the  aspect  ratio  and  the  proximity  of 
the  crack  depth  to  the  neutral  axis,  or  is  the 
maxinxjm  bending  stress  at  the  surface  of  the  sped 
men,  and  a is  the  length  of  the  semi -minor  axis 
(depth)  of  the  precrack. 


The  ten  samples  tested  gave  a normally  distri- 
buted set  of  fracture  toughness  measurement,  and  the 
mean  value  of  fracture  toughness,  Kjj.  , at  a confi- 
dence level  of  90t  is:  0.76  t 0.04  MPa  m*!  . This 
compares  very  well  to  Wiederhorn's  experimental 
results  of  0.75  t 0.010  MPa  m'»  for  6 pyrex  speci- 
mens and  0.778  ? 0.011  MPa  m’  for  8 specimens.' 


Pyrex  discs  3 mm  thick  by  7.6  cm  in  diameter 
In  the  annealed  condition  were  prepared  for  frac- 
ture toughness  testing  by  introducing  small,  semi- 
elliptical surface  cracks  in  the  center  of  each 
disc.  These  pre-cracks  were  made  in  a controlled 
way  by  applying  a bending  moment  of  approximately 
2 Newton-meters  to  the  disc,  and  on  the  side  in 
tension,  pressing  a Knoop  microhardness  indentor 
quickly  into  the  specimen  with  a force  of  50-100 
grans.  This  technique  produces  roughly  half  penny 
shaped  cracks  with  radii  between  100  and  500  microm- 
eters (pm)  depending  on  the  combinations  of  bending 
moment  and  force  on  the  Knoop  indentor.  Such  small 
cracks  were  required  to  limit  the  crack  size  to  less 
than  the  acoustic  wavelength  '9mm.  Additionally, 
these  half  penny  shaped  cracks  may  be  coaxed  to  an 
extended  semi-elliptical  shape  by  applying  addi- 
tional bending  moment  to  the  disc  after  the  initial 
crack  is  started. 

The  strength  of  each  disc  in  biaxial  flexure 
was  determined  by  the  method  of  Wachtman,  et  al.*’* 
This  Involves  supporting  the  specimen  on  three 
equally  spaced  balls  concentric  with  the  load, 
which  are  applied  to  the  center  of  the  specimen  by 


The  experimental  set-up  for  measuring  the 
acoustic  surface  wave  reflection  coefficient  ISu', 
is  shown  schex'.atical ly  in  Fig.  1.  A wide  band, 
high  efficiency  wedge  transducer'*  Is  used  to  excite 
and  detect  the  surface  acoustic  waves.  The  trans- 
ducer has  a center  frequency  of  3.4  MHz,  a band- 
width of  50%  and  a one-way  insertion  loss  of  9.2  dB. 
Calibration  of  the  transducers  was  carried  out  by 
measurinq  the  transmission  betv«een  a pair  of  trans- 
ducers, as  described  in  reference  10.  All  measure- 
ments were  taken  in  the  far  field  of  the  transducer 
(Z  > w*/Xr)  . 

A set  of  acoustic  measurements  were  taken  with 
the  front  of  the  wedge  a distance  2 • 2.3  cm  from 
the  crack  and  with  the  acoustic  surface  wave  normal 
to  the  crack  surface.  The  measurements  were  taken 
in  the  bending  jig,  using  a bending  moment  of  ap- 
proximately 2 Newtons -meters  to  ensure  the  crack 
was  open. 

A series  of  reflection  measurements  on  10  dif- 
ferent cracks  was  made,  and  ki,^^  calculated  from 

Eq.  (4). 
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In  Fig.  Z the  acoustic  prediction  of  Or  is 
plotted  against  the  mechanically  measured  value  of 
Oj  for  10  specimens.  A least  squares  fit  of  this 
data  indicates  a linear  relationship  between  theo- 
retical and  experimental  measurements  with  a slope 
of  0.85.  We  see  that  for  larger,  more  irregular 
cracks,  where  the  assumption  of  the  theory  that 
the  diameter  of  the  crack  is  less  than  1/4  wave- 
length is  not  well  satisfied,  the  error  between 
theory  and  experiment  Increases.  It  is  interesting 
to  note  that  the  effect  of  the  ellipticity  of  some 
of  the  small  surface  precracks  appears  not  to  affect 
the  accuracy  of  the  acoustic  prediction  of  kj^^ 
to  any  appreciable  degree.  This  confirms  the  pre- 
diction of  Budiansky  and  Rice'  that  effect,  if  any, 
should  be  less  than  10%. 


30  40  50  60  70  00  90 


a-c*(MPo) 


fig.  2.  Actual  fracture  stress  versus  predicted 
fracture  stress. 


LENGTH  AND  DEPTH  MEASUREMENT  OF 

■ ' liURTHiTJW  

Several  acoustic  techniques  for  the  purpose 
of  determining  crack  size  have  been  reported  in 
the  literature,  for  instance,  Tittman  et.  al." 
have  measured  the  length  of  a crack  accurately,  by 
determining  the  scattering  of  a Rayleigh  wave  as  a 
function  of  angle.  As  this  function  has  a sine  P 
dependence  the  length  of  the  crack  can  be  estimated 
from  the  distance  between  the  nulls.  The  problems 
with  this  technique  are  that  it  assumes  that  space 
is  available  to  carry  out  the  angular  scattering 
measurement,  and  gives  no  information  about  the 
depth  of  the  crack.  In  another  example,  Lidington, 
et  al.'^  discuss  several  techniques  for  determining 
the  depth  of  a crack  several  wavelengths  deep,  but 
do  not  determine  its  length. 

In  our  work,  we  measure  the  reflection  of  the 
crack  versus  frequency  at  normal  incidence  only. 
When  ,1  surface  acoustic  wave  excites  a crack,  of 
the  type  shown  in  Fig.  3,  its  edges  act  as  sources 
that  excite  surface  waves  which  propagate  along 
the  crack  surface.  We  postulate  that  when  the 
crack  is  a multiple  of  a half  wavelength  tong  (the 
X direction)  it  acts  as  a resonator  and  tends  to 


absorb  energy,  whereas  when  it  is  (2n*l)X/4  long, 
where  \ is  the  wavelength,  it  exhibits  very 
little  displacement  of  its  top  edge  and  so  there  is 
a maxinxim  in  the  back  scattered  reflected  signal. 
Similarly,  when  the  depth  (y  direction)  of  the 
crack  is  a multiple  of  a half  wavelength  long  the 
top  surface  displacement  of  the  crack  tend  to  be 
very  small,  as  it  is  at  Its  tip,  and  so  there  is 
again  a maximum  in  the  reflection  coefficient  of 
a wave  incident  on  the  crack.  Thus,  even  though 
it  is  difficult  to  calculate  end  effects,  we  might 
expect  that  we  could  estimate  the  crack  length  a 
and  depth  b from  the  formula 

a ■ V^/2Af^  (6) 

b ■ V /2f  (7) 

y y 

where  V^,  V„  are  the  surface  wave  velocities  In 
the  X and  ■'y  directions  on  the  crack  surface 
and  Afw  is  the  frequency  separation  between  the 
reflection  maxima,  while  fy  is  the  frequency  for 
a reflection  maximum  when  the  depth  is  one  half 
wavelength. 


Fig.  3.  Schematic  diagram  of  crack  confiqurati 


We  carried  out  our  experiments  on  6 EDM 
notches  of  known  length  and  depth  in  a steel  sam- 
ple.*' We  use  a highly  efficient  wide  bandwidth 
wedge  transducer  to  excite  the  SAWs.  The  trans- 
ducer had  a center  frequency  of  5 MHz  and  a 3 dP 
fractional  bandwidth  of  50%.''  The  reflection 
coefficients  of  the  notches  versus  frequency  are 
shown  in  Figs.  4 and  5.  The  length  resonances  and 
a half  wavelength  depth  resonances  can  be  clearly 
seen.  We  use  this  data  to  estimate  the  lengths 
and  depths  of  the  notches.  It  will  be  noted  that 
the  depth  resonances  are  typically  stronger  than 
the  length  resonances  because  the  excitation  of  the 
depth  resonance  is  uniform  over  the  length  of  the 
crack.  The  results  obtained  ar”  very  similar  in 
nature  to  those  for  volume  wave  backscatterinq  from 
a penny  shaped  crack.’* 
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i LENGTH  RESONANCE 

♦ depth  resonance  crack  no 

"(1) 


t MHZ 


Ftg,  4.  Not-maltred  reflection  coefficient  versus 
frequency  of  cracks  1,  ?.  3. 


i LENGTH  RESONANCE 

t depth  resonance 


crack  no 


Fig.  5.  Normalized  reflection  coefficient  versus 
frequency  of  cracks  4,  5,  6. 


In  making  the  estimates  of  length.  It  is  Im- 
portant to  use  a reasonable  approtimatlon  for  the 
effective  surface  wave  velocities  along  the  crack 
surface  In  the  x and  y directions.  As  tar  as 
propagation  in  the  x direction  Is  concerned,  we 
can  regard  the  Rayleigh  wave  that  Is  excited  In  the 
X direction  as  being  a wave  propagated  along  the 
corner  region  bounded  by  the  crack  surface  and  sub- 
strate surface.  It  has  been  shown  by  Lagasse  et 
al."  that  such  guided  modes  propagate  at  a veloc- 
ity just  slightly  less  than  the  Rayleigh  velocity; 
so  we  have  taken  ■ Vp  to  calculate  the  length 
resonances  and  used  a measured  value  of  Vp  • 3.02 
10*  cm/sec.  On  the  other  hand  for  the  depth  reso- 
nances, we  regard  the  wave  as  propagating  in  a sur- 
face waveguide  of  width  a , for  the  edges  of  the 
crack  are  held  rigidly.  Thus,  for  the  lowest  order 
mode,  we  take  the  propagation  constant  ky  In  the 
y direction  to  be  given  by  the  formula 

2 


4i'^f^ 

*R 


(8) 


for  a half  wavelength  resonance  k.b  • « and  as  Is 
given  by  tg.  (6).  Hence  we  may  write  Eg.  (7)  In 
the  form 


b • (4f‘/V^- I 'a^)'^^^ 


b . (V,/2)[fJ  - (Af^)] 


-1/2 


(9a) 

(9b) 


The  estimated  sizes  from  Eqs.  16)  and  (7)  with 
Vy  • Vp  and  Eq.  (9)  are  the  estimated  sizes  com- 
pared to  the  actual  sizes  and  the  results  are  sum- 
marized in  Table  I.  We  have  used  Eq.  (9b)  for  a 
corrected  estimate  of  depth,  and  In  brackets  given 
results  based  on  using  the  correct  value  of  a in 
Eq.  (9a).  It  will  be  seen  that  because  the  length 
resonance  estimate  Is  somewhat  In  error,  the  use 
of  the  correct  value  of  a can  give  considerably 
better  estimates  of  the  depth  of  the  crack.  The 
maximum  error  will  be  seen  to  be  of  the  order  of 
18T  and  the  results  are  often  considerably  better 
than  this. 

It  is  worthwhile  to  note  that  such  resonances 
should  be  obtained  where  the  angle  of  Incidence  Is 
not  normal  to  the  crack  as  the  same  phenomena  takes 
place.  Hence  only  one  angle  of  Incidence  on  a crack 
need  be  available  for  an  accurate  crack  size  esti- 
mation. Furthermore  as  the  basic  technique  Is  one 
by  which  resonances  are  determined,  we  might  expect 
to  be  able  to  generalize  It  to  determine  resonances 
of  odd  shaped  cracks,  and  estimate  their  major  dimen- 
sions. Working  with  B.  A.  Auld  we  are  developing  a 
theory  to  predict  the  nature  of  the  scattering  which 
we  hope  will  provide  further  Insglht  Into  the  phe- 
nomenon . 
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TABLt  I.  [stinidte  ot  Length  and  Depth 


Crack 

( 

Actudl 

Length 

d 

.(BEl  .. 

Freguency 
Shift 
.if  MH: 

X 

Estimated 

Length 
a - Eg.  (6) 

Error 

Actual 

Depth 

b 

Fretiuency 

for 

Max  1 mum 
Reflection 

Estimated 

Depth 

Eg.  (7)v^-v^ 

CorrectetT 

Estimate 

Depth 

Eg.  (9) 

Error  in 
Estimated 
Depth  t 

1 

2.34 

0.56 

2.69 

♦15 

0.228 

5.8 

0.26 

0.261 

(0.261) 

•14 

(♦14) 

2 

1.04 

1.54 

0.98 

- 6 

0.254 

5.7 

0.265 

0.275 

(0.274) 

♦8.3 

(♦8.3) 

3 

0.p4 

2.44 

0.619 

-3.3 

0.254 

5.6 

0.269 

0.296 

(0.30) 

♦ 16.5 
(♦17) 

4 

0.66 

2.8 

0.53 

-18 

0.33 

4.9 

0.308 

0.378 

(0.348) 

14.7 
i 5.8  ) 

5 

0.66 

2.8 

0.5. 

-18 

0.347 

4.0 

0.378 

0.529 

(0.668) 

15.7 

(♦U 

6 

0.66 

2.8 

0.53 

-18 

0.587 

3.6 

0.419 

0.668 

(0.54) 

♦11 

(♦?) 
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DISCUSSION 


M.  Srinivdsdn  (C-irborundu/n} ; You  discussod  tho  results  on  gloss.  Do  you  expect  Imoging  in  ceromics  to 
be  more  difficult?  It  can  fe  very  difficult  with  ceramics. 

3.  T.  Ktiuri-Yakub  (Stanford):  We  believe  that  this  work  could  be  directed  to  ceramics  and  we  are  in  the 
process  of  setting  up  experiments  to  try  these  with  Tony  Evans. 
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INTROOUCTION 

Surf, UP  cranks  arp  playinq  an  pvpr 
mcrpasinijly  important  rolp  in  thp  fracturp  of 
structural  matprials  and  arp  now  I'pino  w’k'nn 
I oncpnt rafpd  attpntton  friwi  thp  point  of  vipw  of 
charact pr i vat  ion  towards  morp  pffpctivp  failure 
prpdiction.  In  a rpcpnt  pappr  Poylp  and  Scala 
prospiitod  a review  of  both  hulk  and  surface  wave 
ultrasonic  itvt  hods  of  the  mpasurimipnt  ol  thp  dppth 
of  t part  - through)  craiks.  they  giyp  a ratlipr 
pvlpnsiyp  survey  of  thp  literaturp  and  considered 
thp  research  which  relates  to  techniipies  for 
measuring  crack  depth  by  studying  the  scattered 
pulse  amplitude,  hy  using  t ime-of-t 1 ight  methods, 
or  tiy  carrying  out  ultrasonic  spectroscopic 
analysis.  On  the  basis  of  thi'  technigues  developed 
up  to  thp  time  of  their  survey,  they  suggested  that 
measunvnent  s of  thp  transit  time  of  hulk  waves 
appears  most  likely  to  provide  simple  and  reliable 
.lepth  ineasuri'ment s in  the  near  future. 

On  the  other  hand,  since  this  review  was 
written  there  have  been  several  reports  on  new 
technigues  and  approaches  using  surface  waves  whtch 
show  considerable  promise.  khuri-Yakub  and  kino' 
have  developed  a new  technigue  for  enciting  higli- 
fregupncy  (1011  MHv  range)  surface  and  shear 
acoustic  waves  on  non-pievoejectric  materials. 
Iraser,  khuri-Yakub  and  kino’  have  produced  a 
design  for  an  el  tic  lent  broad-band  wedge 
transducer.  Rpsch  et  a1.^  have  carried  o,.* 
ineasuri’ment  s with  a surface  wave  probe  and 
predicted  fracturp  stresses  in  good  agreement  with 
those  measured.  The  calculations  of  the  fracture 
stress  were  based  in  uarf  on  theoretical 
developments  by  kino.^  Oiwiarkas  et  ai.*'  have 
observed  structure  in  the  fregiieiicy  dependence  of 
the  acoustic  surface  reflection  coefficient 


‘Part  of  the  work  by  H.  R.  Tittniann  was  carried  out 
during  his  slay  at  tiniversite  Paris  VII  as  "pro- 
fessor accoi 1e" . 

**1  ahoratoire  assoi  ie  an  C.N.R.S. 


associated  with  a rectangular  slot  which  they  have 
interpreted  in  tenns  of  resonances  across  the  ^ 
length  and  depth  of  the  slot,  \yler,  Auld  .in.t  tan 
have  developed  two  theoretical  approaches  based  on 
real  reciprocity  relations  for  the  st  altering  of 
Rayleigh  surface  waves  by  pai t - t hrough 
cracks.  In  a short  letter  wi'"  have  reimrted 
esperimental  data  and  a stmple  model  on  the 
estimation  of  the  size  of  small  surface  craiks. 

In  this  paper  wi'  jiresent  the  details  ol  our 
work  both  tor  ctMck  length  and  ciack  depth 
detenninat  ion  and  cast  these  results  into  the 
context  of  the  fracture  im'chanics  of  part-through 
cracks  to  delineate  the  stiess  intensity  range  (tor 
a given  stress  appluatton)  and  deteix'iine  the 
riviviining  fatigue  life  of  structural  materials. 

Ihe  considerations  include,  spec  1 1 ic.il  1y  , the 
dltferences  betwi'en  iraiks  in  ductile  and  brittle 
materials,  the  degree  ol  crack  closure,  the  craik 
orientat  ion,  and  the  specimi’n  geivnelry.  these 
factors  are  shown  to  plav  an  iminirlant  role  in 
selecting  those  types  ot  scattering  measurivnent s 
most  directly  iisetul  for  failure  prediction. 

CRAt'k  PARAMlTIRl.  (OR  lAlltlKI  PKIimilON 

Since  failure  prediction  is  the  ultimate 
objective  of  the  giiant  it  at  ive  Nni  (nondesl  ruci  ive 
evaluation)  studies  reixirted  here,  our  approach  has 
been  to  delineate  the  important  fracture  mechaniis 
par.imeters  and  ask  what  ultrasonic  measurements 
must  be  made,  and  h.iw  they  must  be  interpreted  to 
obtain  these  par,imefers  as  directly  and  .icciii  at  el  v 
as  is  needed  for  failure  priHtict  inn. 

Table  I presents  values  for  parameters  which 
are  important  in  defining  the  a|iproach  to  the  study 
of  cracks  in  technological  ty  Impmlant  materials. 

If  lists  sivne  key  alloys  and  ceramics  ordered 
according  to  their  ductility  (percent  elongalionl 
and  slrnws  the  importance  of  considering  both  Ihe 
case  ol  fatigue  cycling  to  failure  and  brittle 
fracture.  In  coliamis  three  and  four  of  Table  1, 
respectively,  are  listed  approximate  values  ot 
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crttlcal  fl4*(  sites  4.  I'or  these  materials  based  on 
an  assumed  stress  of  One-tenth  of  the  yield  stress 
and  the  critical  u1  trasonic  fre<tuenc1es  f 
corresponding  to  the  criterion  ka^  • I,  where 

is  the  ultrasonic  wave  vector  (v  is  the 
ultrasonTc  wave  velocity).  Very  qual itat ively 
speaking  the  regime  of  frequencies  below  f.  is 
called  the  Rayleigh  regime  and  long-  wavelength 
techniques  such  as  already  described  by  Resch  et 
al,'  are  appropriate.  Considering  the  low  values 
of  fj  shown  for  some  of  the  more  ductile  alloys, 
such  factors  as  specimen  size  and  Rayleigh  wave 
generation  techniques  are  seen  to  be  important 
limitations  on  the  general  usefulness  of  the 
Rayleigh  regime. 

Driven  by  these  considerations  this  p-sper 
attempts  to  address  the  short  wavelength  regime, 
i.e.,  ka.  i 1,  emphasiaing  cracks  in  ductile 
materials  but  demonstrating  the  applicability  of 
the  ultrasonic  techniques  to  cracks  in  cermics, 
where  the  critical  crack  sites  are  small  and 
therefore  the  wavelength  must  be  very  short.  To 
demonstrate  the  somewhat  special ited  nature  of  the 
approach  that  must  be  taken  for  ductile  materials. 
Fig.  1 displays  a typical  example  of  part-through 


pkiit  r>«WiHR.M  cif<i  ^ 


of  4n  tOH  notched  wh^r^  the  progress 

of  crack  propagation  during  cyclic  fatigue  is 
depicted  in  terms  of  merker  and  growth  blocks 
(light  and  dark  shaded  regions),  respectively, 
which  correspond  to  growth  under  low  and  high’ 
applied  stress.  Since  the  crack  growth  takes 
place  over  a relatively  long  time  It  is  important 
to  speak  in  terms  of  a stress  intensity  range  and  a 
rwiaining  life  in  terms  of  the  niinber  of  cycles  for 
failure.  After  Irwin‘S  the  stress  Intensity  range 


( i n mode  I ) 4k  K ^ is 


dk  ^ • C 4 o >/a7Q 


[sin^  e 


2 

cos  #]  d# 


and  >d\ere  ^o  is  the  stress  range,  a is  the  crack 
depth,  2c  Is  the  crack  length,  , jj  is  the  yield 
stress,  0^  Is  the  maximum  applied  stress  and  li  is 
the  angle  “n  the  crack  plane  with  respect  to  the 
crack  length.  The  symbols  are  identified  in 
Fig.  2a.  For  a given  applied  stress  the  stress 
intensity  range  akj  may  be  calculated  from  a 
knowledge  of  the  metallurgy  of  the  part  (i.e., 
"ji^ld^*  d And  the  depth- to- length 
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^ i.ifiM'  f**  B >1  as 

Fig.  1.  Photo  of  crack  surface  for  metal  plate 
fatigue-cycled  to  failure. 


Fig.  2.  (a)  Geometry  of  part-through  crack 

(b)  Schematic  graph  of  functional 
dependence  of  crack  growth  rate  on 
stress  intensity  range  d k. 
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Assiminij  the  crjck  Is  in  the  Paris  reyime  of 
validity,  the  crack-depth-increase-per-unit  fatigue 
eye  le  da/dN  i s*  * 


da/dN  - A(Ak,)"'  (?) 


where  A and  cn  are  malertat  constants.  The 
remaining  life  or  nunber  of  cycles  to  failure  is 
then 


A typical  curve  of  da'dN  as  a function  of  AK,  is 
shown  schematically  in  Fig.  ?b.  Equation  (4)  was 
used  to  estimate  the  critical  flaw  sizes  of 
Table  1. 


In  summary,  aside  from  the  metallurgical 
properties  of  the  material,  the  important  fracture 
mechanics  parameters  which  NDE  must  give  are  the 
crack  depth  and  length. 

EXPLHIMENTAL  APPROACH 

The  approach  used  in  these  measuranents 
embraces  both  the  techniques  of  Rayleigh 
generation/detection  and  spectroscopic  analysis. 
These  techniques  are  in  genera!  not  new,  since 
surface  waves  have  been  used  for  quite  some  time  as 
a basis  of  measurement  of  crack  depth.  For 
example,  Reinhardt  and  Dally*^  noted  that  the 
variation  of  the  surface  wave  transmission  and 
reflection  coefficients  with  crack  depth  might 
provide  results  for  cracks  less  than  half  a 
wavelength  deep.  Buck,  Frandsen,  and  Marcus^^  have 
used  surface  waves  to  monitor  crack  growth  and 
crack  closure.  Silk‘d  has  made  crack  depth 
measurements  by  detecting  S-waves  produced  by  mode 
conversion  of  R-waves  at  the  crack  tip.  Cook”, 
Hudgel  1 , Morgan  and  Lumb,”  Hair'  and  Lidington 
and  Silk*"  have  used  surface  timing  methods  for 
crack  depth  measurement.  Ultrasonic  spectroscopv 
originally  applied  primarily  to  bulk  defects  as 
discussed  by  Gericke*^  and  Brown^®  has  also  now 
been  applied  to  surface  flaws  with  Rayleigh 
waves.  Morgan'*  used  the  time  reconstitution 
method  and  crystal  method  to  not  only  detect  the 
crack,  but  also  map  its  morphology. 

Our  approach  combines  several  of  these  methods 
in  a new  way  by  studying  the  scattered  radiation 
pattern  of  surface  waves  from  cracks  in  the  time 
and  frequency  domain.  In  some  of  the  experiments, 
comnercial  broad-band  longitudinal  wave  transducers 
were  used  with  water  wedges  to  provide  both  the 
transmitter  and  receiver.  The  actual  transducer 
configuration  consisted  of  a small  metal  box  which 
was  filled  with  water  and  into  which  was  mounted  a 
Parametrtes  M-series  transducer  whose  inclination 
angle  to  the  specimen  surface  was  adjusted  to  the 
Rayleigh  angle.  The  metal  box  was  glued  to  the 


specimen  surface  with  had  low  viscosity  quick 
drying  cement  and  in  order  to  minimize  the 
attenuation  of  the  surface  waves  as  they  cross 
beneath  the  edge  of  the  box,  the  edge  was  tapered 
into  a knife-edge. 

In  other  experiments  at  high  frequencies 
(100  MHz)  an  interdigital  transducer  deposited  on  a 
LiNbOj  delay  line  was  used'  on  plates  ot  comm*‘rcia1 
hot-pressed  silicon  nitride  (NC  13?)  into  which 
cracks  were  placed  by  the  indentation  technique 
which  h^s  been  shown  to  give  semi-circular  crack 
shapes.''  In  the  narrow  band  experiments  at 
2.?  MHz  wedge  transducers  were  used  on  plates  ol 
comiiK'rclal  rolled  A1  Into  which  semi-circular  slots 
had  been  cut  by  the  spark  erosion  technique.  In 
other  broad-band  experiments  the  transducers  were 
again  coniiercial  broadband  transducers  (2-4  MHz  at 
3 dB)  inclined  to  the  sample  surface  with  both 
transducer  and  specimen  imnersed  in  water  at  the 
critical  Rayleigh  angle.  The  samples  were  plates 
of  OuraUxninum  into  vrtiich  slots  had  been  cut  by 
indentation  with  a flat,  semi-circular  tip  of  a 
hard  tool.  In  each  of  the  experiments  the  angular 
dependence  data  were  obtained  by  either  rotating 
the  sample  or  the  transducer  about  an  axis  through 
the  center  of  the  crack.  The  precision  of 
determining  the  angle  is  estimated  at  l O.b 
degrees. 

Figure  3 shows  a photograph  of  the  apparatus 
of  one  of  the  experiments  and  depicts  the 
goniometer  that  was  used  with  circular  plates  and 
the  water-wedge  transducers  (in  the  form  of  boxes) 
discussed  above.  Also  shown  are  the  associated 
electronics  such  as  a Parametrics  Pulser-Receiver 
and  a Tektronics  Siirnpl  Ing  scope  which  was  used  to 
digitize  the  rf  signals  received  and  provide  an 
interface  with  a llata  General  S/200  Eclipse 
computer.  This  minicomiuter  vtas  used  to  obtain  the 
Fourier  transform  of  the  signal,  which  was 
typically  divided  by  the  transducer  transfer 
functions  and  to  so  calculate,  and  display  the 
normalized  magnitude  of  the  resulting  Fourier 
transform.  The  transducer  transfer  function  was 
obtained  in  a separate  experiment  in  which  the 
surface  wa^s  were  back-scattered  from  an  ideal 
scatter^'^^ypical  ly , a sharp  edge  of  quasi- 
infinite  extent. 


RESULTS 


Thejoi-etiMl  ModeJ 

TT rigorous  treatment  of  the  scattering  of 
acoustic  surface  waves  from  scmi-circular  surface 
cracks  at  arbitrary  wavelength- to-crack  radius 
ratio  is  not  presents  available.  However, 
approximate  theories”*'^  in  the  long  and  short 
wavelength  limits  are  currently  being  given  much 
attention  and  preliminary  comparisons  between 
theory  and  experiment  show  high  promise. 

In  particular  Auld  et  al^  have  formulated  two 
theoretical  approaches  based  on  real  reciprocity 
relations;  one  of  them  utilizes  the  volume  integral 
form  of  the  reciprocity  relation,  which  gives  the 
scattering  coefficient  as  an  integral  o product  of 
unperturbed  and  perturbed  fields  and  Bor  's 
approximation  is  applied  to  evaluate  the  .lorturbed 
fields.  Tbe  other  approach  utilizes  the  ultrasonic 
analog  of  the  Induction  theorem  in 
electromagnetics,  in  which  the  crack  is  represented 


tig.  3 I’hoto  of  jpparatus,  sample  holder,  and  transducer  goniometer. 


by  a surface  distribution  of  equivalent  body 
forces.  This  force  distribution  is  then 
approximated  and  normal  mode  techniques  are  used  to 
find  the  scattered  amplitiKie.  These  theoretical 
approaches  apply  in  the  same  regime  as  is  of 
interest  here  and  show  agreement  with  the 
experimental  results  for  angular  scattering 
reiiorted  on  here.  However,  in  the  frequency 
response  the  theory  does  not  predict  the  resonances 
observed  experimentally,  H though  showing  agreement 
with  the  background  radiation. 

We  have  formulated  a model  which  we  have  found 
useful  in  analyzing  both  the  angular  and  frequency 
dependencies  of  the  TJayTeigh  wave  scattering  by  a 
Surface  crack.  This  model  Is  based  on  geometrical 
and  optical  diffraction  theory  and  is  applicable 
when  the  crack  is  long  and  deep  coiiH'arexl  to  the 
Rayleigh  wavelength.  Ihe  interaction  may  be  viewi'd 
as  being  concentrated  near  the  surface,  since  the 
fields  of  the  wave  propagating  on  the  free  surface 
diminish  rapidly  or  decay  as  they  reach  deeper  into 
the  material  and  are  unable  to  probe  the  region 
near  the  crack  tip.  In  this  context  the  back- 
scattered  radiation  pattern  is  the  Fourier 
transform  of  the  complex  amplitude  distribution 
across  an  irradiated  aperture.  In  general,  using 


the  mathem^Hcal  expression  of  the  Huygens-t resnel 
principle, ‘‘‘.  we  can  write  the  field  amplitude  at 
point  (Uy.  Vy)  as 

ll(u,v)  ' JJ"  x,y)  U(x,y)dx  dy  (5) 

dn 

where  h(u,v;x.y)  • (1/i^)*.  exp(ikr)  cos(n,f)  and 


where  U(x,y)  is  the  complex  amplitude  distribution 
across  the  aperture  and  is  identically  zero  outside 
the  aperture,  k is  the  wave  number  and  r is  the 
distance  betv<een  points  (x,y)  and  (u,v).  costn,") 
is  the  obliquity  factor  and  is  approximately  equal 
to  one  in  this  case  where  the  distance  to  the 
detector  Is  much  greater  than  the  maximum  linear 
dimensions  of  the  aperture  and  only  a finite  region 
about  the  apepture, normal  i:^  used,  ^he  distance  r 
is  given  by  r “■  • R‘  ♦ (u-x)*-  (v-y)^.  If  the 

Fraunhofer  approximation  R>'>Vjjk(x‘-  + y^)  is 
adopted,  the  quadratic  phase  factor  is  approxi- 
mately unity  of  the  entire  aperture  and  the 
observed  field  distribution  can  be  found  directly 
from  a Fourier  transform  of  the  aperture 
distribution  itself.  Thus 
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U(u.v) 


where  C 


U(x.y) 


eKp[-(ik/R)(uxtvy)]dxdy 

(6) 


(1/IXR)  exp  (UR)  exp[(U/?R)(x^  * y^)] 


For  a rectangular  aperture  with  apertures 
and  1^  normally  illuminated  by  a unit-amplitude, 
monochromatic  wave 


U(u,v)  ■ C sine  (I,*,,)  sme  (lyty) 


where  f,  • u/\R,  f„  • v/XR  are  the  frequencies  at 
which  the  Fourier  Transform  is  evaluated.  The 
intensity  (square  of  absolute  value  of  U)  is 


I(n.v) 


2 2 

<x  ly  ,2 
sine 

VR^ 


'XR 


In  the  context  in  which  the  interaction  betw»‘en  the 
surface  waves  and  the  crack  is  viewed,  the  result 
is  specialized  to  a very  narrow  aperture  of  length 
2a,  such  that  the  intensity  is  approximately  given 
by 


I(o,ii,u))  - l(0,0,u))(sin^v)/i;^  (8) 

<1/ • (auVV^) (sin  (»  » Sind) 


where  * takes  into  account  oblique  incidence  of  the 
radiation  from  the  transmitter  with  an  angle  o to 
the  a(>erture  normal.  In  a backscattering  experi- 
ment (typically  encountered  in  a commercial 
application)  a *8  where  0 is  the  angle  of  the 
receiver  with  respect  to  the  crack  normal.  is 
the  Rayleigh  wave  velocity,  ui  is  the  frequency  in 
radians  and  1(0, 0,u))  is  the  intensity  at  o • 0, 

8 • 0 at  a given  frequency. 


Angular  Dependence 

The  results  are  summarized  in  Figs.  4,  6 and  6 
where  data  and  calculations  are  presented  for  the 
three  types  of  experimental  conditions.  All  three 
figures  are  similar  in  that  they  show  structure 
typical  of  diffraction  patterns,  normalized  at 
8 ■ 0,  i.e.,  the  direction  normal  to  the  crack 
plane.  The  theoretical  curves  (solid  line)  are 
cotnpared  with  the  experimental  data  (dashed  line) 
with  a fit  at  8*0.  Considering  the  experimental 
errors  in  angle  determination  especially  of  the 
crack  plane  normal,  reasonable  agreement  is 
observed  between  theory  and  experiment,  especially 
in  the  positions  of  the  nulls  and  peaks. 

Considering  the  simplicity  of  the  model  the 
comparison  with  the  experiment  in  the  Intensities 
is  Interesting,  The  experimental  intensity  curves 
generally  fall  above  the  theoretical  curves, 
especially  for  the  cracks  in  the  ceramic  samples. 

A tentative  explanation  is  based  op  previous  work 
on  scattering  from  rough  surfaces^’  which 
demonstrated  that  this  behavior  represents  a 
diffuse  back-scattering  as  from  rough  surfaces 
rather  than  the  ideal  scattering  from  a perfect 
planar  reflector.  This  suggests  the  presence  of 


roughness  Inside  the  crack,  that  is  the  crack  face 
is  not  smooth  out  rough,  and  it  is  obvious  that  the 
crack  made  by  the  indentation  technique  is  much 
rougher  than  that  made  by  spark  erosion 
technique.  A following  step  in  the  experiments  is 
to  use  the  results  to  interpret  the  degree  of 
roughness  of  the  crack  face  from  the  deviation  of 
intensities  from  the  ideal  diffraction 
intensities.  An  additional  source  of  deviation  at 
large  angles  off  broadside  may  perhaps  be 
attributable  to  the  inadequacies  of  the  model. 

Auld  et  ar  have  shown  that  for  angles  8>>10  in 
backscatter  experiments  the  Born  approximation 
begins  to  yield  higher  amplitudes  for  the  higher 
order  sidelobes. 

Frequency  Dejiend^nce 

Iquations  (b)  and  (6)  show  that  the  frequency 
dependence  of  the  radiation  pattern  at  fixed  angle 
may  also  be  used  to  derive  information  on  the  crack 
radius.  This  is  demonstrated  in  Fig.  T which  shows 
the  frequency  dejiendence  of  back-scattered  [lower 
from  the  spectral  analysis  of  a broad-band  pulse 
tor  a semi-circular  slot  of  radius  a ■ 800  em 
indented  into  a plate  of  aluminum.  As  predicted, 
the  graph  shows  the  same  type  of  diffraction 
pattern  as  those  in  the  angular  dependence 
studies.  While  this  graph  was  obtained  for  8-  18, 
similar  graphs  may  be  generated  quite  readily  for 
other  angles.  Such  data  may  then  be  stored  in  the 
coiiH'uter  which  can  then  be  called  upon  to  present 
the  data  with  either  angle  or  frequency  as 
independent  variable  to  show  the  complete 
equivalence  of  sin  8 or  frequency  as  parameter. 
Figure  b is  actually  a graph  of  the  angular 
dependence  as  reconstructed  at  one  frequency  from  a 
compilation  of  frequency  dependence  graphs  obtained 
at  various  angles. 


Inversion 

The  fields  U(x,y)  and  V(u,v)  in  [q.  (b)  are 
related  by  a two-dimensional  Fourier  transform. 
The  Inverse  transform  may  be  used  to  give  the 
source  distribution  U(x,y)  from  the  measured  or 
otherwise  known  remote  field  distribution. 


U(x,y) 


U(u,v)  exp[-(ik/R)(ux  ♦ vy)]  dxdy 

(9) 


Carrying  out  a procedure  to  evaluate  (9)  from  known 
or.  measured  field  distributions  constitutesthe 
Inverse  scattering  problem.  The  specific 
iiiplementation  of  Eg.  (9)  is  dependent  of  the  nature 
of  the  field  distribution  and  data  format. 

At  this  point  the  specific  objectives  of 
Section  11  come  into  play  and  the  inversion  is 
specialized  to  merely  obtaining  the  fracture 
mechanics  parameters,  i.e.,  crack  length  and 
depth.  Since  the  crack  depth  determination  is 
accomplished  by  another  procedure  as  discussed  in 
section  (5),  the  inversion  procedure  here  need  only 
provide  a determination  of  the  crack  length.  The 
Fraunhofer  radiation  pattern  described  in  fq.tSMs 
ideally  suited  to  accomplish  such  a calculation  by 
virtue  of  the  nulls  in  the  sine  function.  The 
crack  radius  a is  obtained  by  calculations  based  on 
the  observed  positions  of  the  nulls  in  the  angular 
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rig.  4.  Plot  of  relative  power  as  a function  of 
the  back-scatter  angle  In  acoustic 
surface  wave  experiments.  The  data, 
averaged  over  several  runs,  are  for  a 
sample  of  silicon  nitride  with  a crack  of 
radius  100  »m  illuminated  by  wave  of  ^ ■ 
5b  Mm  In  a narrow  band  experiment  at  100 
HHz.  The  crack  was  produced  by  the 
Indentation  technique. 


Fig.  5.  Angular  dependence  of  power  of  2.2  MHz 
surface  waves  (A  • 1293  i.m)  back- 
scattered  from  a semi-circular  slot  of 
radius  1190  wm)  cut  Into  commercial 
rolled  alumlnian  by  spark  erosion 
technique. 


Fig.  6.  Reconstruction  of  angular  dependence  of 
back-scattered  power  from  spectral 
analysis  of  broadband  pulses.  The  points 
were  deduced  at  one  frequency,  I.e.,  5 
MHz  (A«  585  wm)  from  a series  of  spctra 
obtained  for  a variety  of  angles.  The 
results  are  for  a semicircular  slot 
(radius  a • 900  wm)  Indented  Into  a plate 
of  alumlnian. 


Fig.  7.  Frequency  dependence  at  fixed  angle  (H  • 
18")  of  back-scattered  power  from 
spectral  analysis  of  broadband  pulses  for 
semicircular  slot  (radius  a • 900  xm) 
Indented  Into  a plate  of  alumlmin 
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(a,tf)  or  fre(]uency  (bi)  dependence  of  the  radiation 
pattern,  for  example:  from  the  positions  of  the  n^" 
null  from  broadside 


b . V,/Zfb 


(7) 


n V 


/(Slno  ♦ sln»). 


(10) 


Since  each  of  the  nulls,  by  virtue  of  Its  position, 
can  be  used  to  predict  the  length  of  the  crack  with 
the  aid  of  the  model,  a statistical  distribution  of 
estimates  may  be  obtained,  and  this  Is  demonstrated 
In  Table  11.  The  comparisons  between  the  crack 
(slot)  radii  estimates  and  the  'actual*  values 
obtained  by  micrographical  examination  show 
agreement  within  about  10  percent.  The  crack 
lengths  estimated  from  the  data  are  at  most  equal 
to  real  crack  lengths  because  of  the  shape  of  the 
crack  under  the  surface  i^lch  provides  a 
diminishing  'effective*  crack  length  with  depth. 

Iltll  It 


b»  mUrm^ra 


Crack  Depth  Oetermln.- iton 

For  seml'Clrcular  cracks,  the  treatment  given 
above  Is  sufficient  to  provide  a good  estimate  for 
the  crack  dimension.  However,  whenever  elliptical- 
shaped  cracks  are  encountered,  the  crack  depth  or, 
at  least,  the  crack  depth- to- length  ratio  must  also 
be  obtained  for  use  In,  for  example,  fracture 
mechanical  1 Ife  predictions. 

The  crack  depth  Is  readily  derived  from 
measurements  of  the  same  type  as  described  above. 
Figure  8 shows  a graph  of  the  scattered  amplitude 
as  a function  of  the  frequency  for  a slot  of  length 
0.254  cm  and  depth  0.039  mm  spark  erosion  cut  Into 
a plate  of  commercial  alumlnun.  In  contrast  to  the 
previous  experiments  which  were  pulse-echo,  the 
results  discussed  here  are  for  a fixed  transmitter 
oriented  normal  to  the  slot  face  and  a receiver 
whose  angular  position  Is  allowed  to  vary.  The 
principal  feature  of  the  graph  Is  a peak  at 
3.45  MHz  which  remains  stationary  In  frequency  as 
the  receiver  angle  Is  Increased,  In  contrast  to  the 
other  peaks  which  form  a background  that  Changes 
rapidly  with  angle  (see  for  example  the  curve 
marked  »•  30®).  The  stationary  peaks  corresfiond 
to  surface  waves  traveling  along  the  slot  face  down 
to  the  slot  tip  and  back  up  again  to  surface  of  the 
plate.  The  depth  b Is  given  by 


The  peak  arises  because  of  Interference  between  the 
waves  scattered  from  the  crack  tip  and  those 
scattered  by  the  edge  where  the  slot  breaks  the 
surface  of  the  plate.  The  accuracy  of  the  crack 
depth  estimation  by  this  technique  Is  given  In 
Table  III  for  two  different  crack  depths. 


SC7S-ZI9I 


Fig.  8. 


Frequency  dependence  of  scattering 
aiiHilltude  (pitch-catch)  for  an 
elllptically  shaped  slot  (length  0.254 
cm,  depth  0.038  cm)  In  a plate  of 
coninerclal  almlnum. 
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DoiMrkdS  et  <1^  have  recently  reported 
observing  peaks  In  the  frequency  dependence  of  the 
Rayleigh  wave  reflection  coefficient  obtained 
norma)  to  rectangular  slots.  They  have  Interpreted 
these  peaks  In  terms  of  resonances  within  the  slot, 
I.e.,  when  the  depth  of  the  crack  Is  a multiple  of 
a half-wavelength  long  the  top  surface  displacement 
tends  to  be  very  sma)),  as  It  Is  at  Its  tip  and  so 
there  Is  again  a maximum  In  the  reflection 
coefficient  of  a wave  Incident  on  the  crack.  One 
may  Infer  from  this  Interpretation  that  the 
resonances  are  essentially  standing  surface  waves 
with  quasl-noda)  points  at  the  tip  of  the  crack  and 
the  top  surface.  It  appears  to  us  that  this 
Interpretation  has  difficulties,  since  these  points 
are  stress-free  boundaries  and  should  not  In 
general  correspond  to  points  of  minimum 
displacement. 

Short  Pulse  Studies 

Another  manifestation  of  the  diffraction 
discussed  above  lies  In  time  domain  studies.  These 
are  particularly  effective  for  oblique 
Interrogation  of  the  crack.  The  situation  Is 
Illustrated  In  Fig.  4 for  a surface  wave  Incident 
normal  to  the  crack  plane  and  a receiver  scattered 
at  a large  angle  from  the  normal.  In  the  case  of 
very  short  pulses  the  diffraction  pattern  can  be 
Interpreted  as  coming  from  two  point  sources 
located  at  the  crack  tips,  for  sufficiently  short 
pulses,  the  pulses  from  the  two  sources  can  be 
resolv^  In  the  time  domain  and  lead  to 
Interference  In  the  frequency  domain.  Figure  S 
shows  experimental  data  obtained  with  a slot  of 
length  a • 0.2S4  cm  and  the  receiver  oriented  along 
a direction  In  the  plane  of  the  slot.  The 
separation  of  the  pulses  Is  In  good  agreement  with 
a time-delay  calculated  on  the  basis  of  a Rayleigh 
wave  traveling  along  the  length  of  the  slot.  Good 
agreement  Is  also  observed  between  the  observed  and 
calculated  pulse  separation  at  angles  other  than 
90*  as  Is  Indicated  In  Table  IV. 


TABLE  IV 

TIME  DOMAIN  PULSE  SEPARATION 
FOR  OL  254  cm  X OL  2S4  cm  SLOT 


Receiver  Observed  Theor. 

Angle  At  At 

e (psec)  (psec) 

(deqs) 

0 0 0 

30  .4  .45 

60  .7  .77 

90  .9  .89 


The  existence  of  two  somewhat  separated  pulses 
In  the  time  domain  Is  equivalent  to  Interference  In 
the  frequency  domain  and  Fig.  10  shows  the 
magnitude  of  the  Fourier  Transfonn  of  the  time 


domain  signal  of  Fig.  9.  Also  shown  are  the 
calculations  corresponding  to  the  model  described 
earlier  In  good  agreement  with  the  experiment  with 
respect  to  the  positions  of  the  nulls  and  peaks. 
This  comparison  Is  shown  more  quantitatively  on 
Fig.  11  which  plots  the  null  frequencies  f„  versus 
the  null  Indices  m for  several  receiver  angles. 

The  straight  lines  labeled  "theory*  are  derived  on 
the  basis  of 


fm  * " * • 


where  as  before  2a  Is  the  slot  length  and  Vp  Is 
Rayleigh  wave  velocity. 


0 1 2 1 4 S 


Time  (psec) 

Fig.  9.  Time-domain  r.f  wave  form  of  signal 
scattered  from  slot  (length  0.254  cm) 
Irradiated  at  normal  Incidence. 


frnuvnci  milt 


Fig.  10.  Waveform  of  Fig.  9 In  frequency  domain. 
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Fig.  11.  Frequency  doneln  location  of  nulls  as  a 
function  null  Index  for  data  such  as 
shown  In  Fig.  10. 


FLAW  SIZE 


TABLE  V 

TYPt/MAlERIAl  kj  t/mml  CRACK  PROP 


EDM/ALUMINUM 

Lll 

ll' 

EDM/ALUMINUM 

L26 

4' 

■90« 

EDM/ALUMINUM 

L41 

iF 

• 0°.  180® 

CRACK/SI-NITRIDE  ttN) 

iF 

■ 0°  . . 180° 

EOM/ALUMINUM 

L41 

iF 

•0°...180° 

crack/aluminum 

1.Z1 

iF 

■0°...180° 

Fracture  Mechanical  Predictions 

With  the  techniques  described  above  we  have 
examined  six  slot/crack  configurations  with 
various  depths  and  lengths  and  have  calculated 
the  reduced  stress  Intensity  factors  Ki“Ki/(7„„ 
(which  describes,  basically  the  geometry  of  the 
crack— see  Eq.  (1))  and  qualitatively  predicted 
the  direction  of  crack  growth  based  on  an  assumed 
applied  stress  parallel  to  the  specimen  surface 
and  the  slot/crack  plane.  This  Information  Is 
sunnarlzed  In  Table  V.  For  example,  the  crack  In 
silicon  nitride  having  a length  o_f  0.4  mi  and  a 
depth  of  0.2  mi  has  a K;  > 0.40>^  and  Is  going 
to  grow  In  the  direction  0,  180  or  in  a 

direction  along  Its  length  (see  Fig.  2a).  On  the 
other  hand,  the  spark  eroded  slot  (In  comnerclal 
aluminum)  with  dimensions  2.5  mi  In  length  and 
0.4  mm  In  depth  has  a Kj  ■ l.ll>Ann  and  will  grow 
deeper  In  a direction  normal  to  the  surface. 


Crack  Closure 

Part-through  crack  growth  In  ductile  materials 
Is  often  associated  with  partial  crack  closure  as 
the  applied  stress  Is  changed  dynamically  such 
as  during  fatigue  cycling  or  as  a function  of  time 
during  stress  relaxation.  The  process  Is  shown  In 
more  detail  In  Fig.  12  which  displays  schematically 
a crack  In  the  absence  and  presence  of  applied 
stress.  On  unloading,  a crack  starts  to  close  down 
on  Itself  at  a stress  level  the  so  called 
closure  load.  Unloading. the  specimen  completely 
leaves  the  crack  partially  open,  however,  due  to 
excessive  compressive  stresses  along  the  closed 
fracture  stress  area.  An  NOE  measurement  capable 
of  determining  effective  crack  depth  during  partial 
crack  closure  would  be  Important  since  It  could 
determine  quantities  such  as  the  crack  closure 
stress,  residual  stress, and  time  dependent  stress 
relaxation  which  are  Important  parameters  that 
modify  Eqs.  (1)  and  (2). >3 
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PARt-IHROUGH  CRACK  GROWTH  IN  OUCIILE  MATERIALS 


STRESS  applied 


NO  STRESS  APPLIED 


CRACK  CLOSES  DOWN  AT  CRACK  aOSURE  STRESS  0^.^. 

SO  THAT  AO-I  0 - 0 > 

max  cc 

Fig.  12.  Schematic  of  part-through  crack  in 

presence  and  absence  of  applied  stress. 


The  crack  depth  measurements  described  above 
with  the  use  of  surface  waves  appears  to  re- 
present a promising  technique  to  shed  light  on 
this  question.  The  position  of  the  crack  depth 
In  the  frequency  domain  would  be  observed  as 
a function  of  the  applied  stress  and  Interpret- 
ed In  terras  of  the  degree  of  partial  crack 
closure.  Under  Ideal  conditions  the  peak  ampli- 
tude might  give  information  on  the  nature  of 
the  crack  tip  and  distinguish  between  temporary 
mechanical  crack  closure  and  crack  healing. 
Experiments  along  these  lines  are  now  In  the 
planning  stage  and  will  be  reported  on  In  the 
near  future. 


CONCLUSION 

This  report  presents  results  on  a simple 
approach  to  describe  the  size  of  surface  breaking 
flaws.  The  scattered  radiation  patterns  of  the 
flaws  when  irradiated  by  acoustic  surface  waves  are 
interpreted  to  provide  estimates  of  flaw  length  and 
depth  with  an  accuracy  of  lOt  or  better.  The  key 
features  are  the  positions  and  spacings  of  nulls  or 


peaks  In  the  angular  and  frequency  dependence  of 
scattered  energy  In  either  pitch-catch  or  pulse 
echo.  A simple  model  based  on  optical  diffraction 
theory  is  presented  and  demonstrated.  The  good 
agreement  between  this  model  and  the  experimental 
observations  is  Interesting  since  It  provides  - at 
least  to  first  order  - an  analogy  between  the 
behavior  of  the  surface  waves  and  that  of  electro- 
magnetic waves.  While  the  results  presented  here 
are  useful  for  estimation  of  the  size  of  simply 
shaped,  surface  breaking  flaws,  much  more  work  must 
be  carried  out  to  extend  the  technique  to  include 
all  possible  situations  encountered  in  fracture 
mechanics.  Such  circumstances  as  cracks  inclined 
to  surface,  crack  with  severe  surface  roughness, 
nonel 1 iptical ly-shaped  cracks,  roughness  of  the 
specimen  surface,  crack  closure  of  fatigue  cracks, 
to  name  a few,  most  be  taken  Into  account. 

ACKNOWLEOGLMLNT 

The  authors  are  indebted  to  P.  khuri-Vakub  for 
the  design,  construction,  and  demonstration  of  the 
100  MHz  surface  wave  transducers  (see  Ref.  2)  used 
in  one  of  the  three  experiments,  to  A.  E.  Ivans  for 
the  preparation  and  characterization  of  the  half- 
penny shaped  crack  in  the  ceramic  sample.  The 
authors  are  also  grateful  to  H.  Nadler  for  the 
design  of  100  MHz  goniometer,  to  J.  Doucet  for  the 
construction  of  the  low  frequency  goniometers,  and 
to  C.  Picard  for  the  micrographical  examination  of 
the  samples.  The  first  part  of  this  work  was 
carried  out  in  France  at  the  "Groupe  de  Physique 
des  Sol  ides  de  I'Ecole  Normal  Superieure."  during 
B.  R.  Tittmann's  stay  as  "Professor  Associe"  at  the 
University  of  Paris  Vlll,  and  was  supported  by  the 
CNRS  (Centre  National  de  la  Recherche 
Scientifique).  This  work  was  later  complemented  by 
work  done  at  theScience  Center  and  one  of  the 
author's  (B.R.T.)  research  was  sponsored  by  the 
Center  for  Advanced  NOE  operated  by  the  Science 
Center,  Rockwell  International,  for  the  Advanced 
Research  Projects  Agency  and  the  Air  Force 
Materials  Laboratory  under  Contract 
F33bl5-74-C-S130. 


REFERENCES 


1.  P.A.  Doyle  and  C.M.  Scala,  Ultrasonics  lb,  lb4 
(1978). 

2.  B.T.  Khuri-Yakub  and  G.S.  Kino,  Appl . Phys. 
Lett.,  32,  513  (1978). 

3.  J.D.  Fraser,  B.T.  Khuri-Yakub,  and  G.S.  Kino, 
App.  Phys.  Lett.,  32,  698  (1978). 

4.  M.T.  Resh,  B.T.  Khuri-Vakub,  G.S.  Kino  and 
J.C.  Shyne,  Proceedings  of  the  First  Inter- 
national Symposiuii  of  Ultrasonic  Material 
Characterization  at  Gathersburg,  Md. , June 
1978  (in  press). 

5.  G.S.  Kino,  J.  Appl.  Phys.  49.  3190  (1978). 

6.  V.  Pomarkas,  B.T.  Khuri  Yakub,  G.S.  Kino, 

Appl,  Phys.  Lett.  33.  557  (1978). 

7.  B.A.  Auld,  S.  Ayter  and  M.  Tan,  1978  Ultra- 
sonics Symposium  Proceedings,  lEEl  Cat.  No. 

78,  Ch,  1344- ISO.  in  press. 


520 


8.  8.R.  Titlmann.F.  Cohun-Tenoudj i , M.Oe  Billy, 

A.  Jun9nvin  and  G.  ijuentin,  App.  Lett.  33,  6 
(1978),  see  also  1978  Ultrasonic  Sympostun 
Proceedings  IEEE,  Cat.  No.  78,  Ch.  1344-lSU, 
in  press. 

9.  J.E.  Collipriest,  Jr.,  The  Surface  CracL 
(edited  by  J.L.  SwedlowT^tfie  Am.  Soc.  of  Mech. 
Eng.,  43  (1973). 

10.  G.R.  Irwin.J. Appl . Mechanics  29,  6S1  (19b2). 

11.  P.C.  Par\s  and  F.  Erdogan,  J.  Basic  Eng. 

S28  (1963). 


12.  H.W.  Reinhardt  and  J.W.  Dally,  Mat.  Eval. 

213  (1970). 

13.  0.  Buck,  J.D.  Frandsen,  and  H.L.  Marcus  in 
Fat igue  Crack  Growth  Under  Spectrum  Loads, 
ASTM  STP  595,  Am.  Soc.  Vesting  and  MaterTals 
101  (1976). 

14.  M.G.  Silk.  NOT  Int.  290  (1976). 

15.  D.  Cook,  Proc.  Brit.  Acoust.  Soc.  Spring 
Meeting,  Loughborc igh , 72  U19  (1972). 


16.  R.L.Hudgell.  L.l. Morgan,  and  R.F.Lvjnb,  Brit. 
J.  Nondestructive  Testing  16,  144  (1974). 

17.  K.G.  Hall,  Nondestructive  Testing  2.  1?1 
(1976). 

18.  B.H.  Lidington  and  M.G.  Silk,  Brit.  J. 
Nondestructive  Testing^,  165  (1975). 

19.  O.R.  Gericke,  Ultrasonic  Spectroscopy,  Ch.  2 
in  Research  Techniques  in  Non-destructive 
Testing . fd.  ft.S.  Sharpe,  Academic  Press, 
London  and  N.Y.  (1970). 

20.  A.  Brown,  U1 1 rasonics  , 202  (1973). 

21.  L.L.  Miirgan,  Acoustica  30,  222  (1974). 

22.  J.J.  Petrovic  and  M.G.  Mendiratta,  Jnl.  Amer. 

Ceram.  Soc. , 163  (1976). 

23.  Y.D.  Achenbach,  private  communicat ion. 

24.  Y.  Goodman,  Fourier  Optics.  McGraw-Hill  Book 
Company  New  York , \96S. 

25.  M.  OeBilly,  F.  Cohen-Tenoudj i , A.  Jungman  and 
G.  Quentin,  IEEE  Trans,  on  Sonics  and 
Ultrasonics  S.U.  356-363  (1976). 


c 


521 


DISCUSSION 
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Gordon  Kino  (Stanford  University):  Bernie,  have  you  experienced  any  difficulties  in  observing  tight 

cracks?  We  had  some  experience  with  glass,  for  instance.  We  had  to  take  the  precaution  of  putting 
a little  bit  of  stress  on  it  to  make  sure  the  crack  was  open  to  get  the  full  area  of  the  crack, 

Bernie  Tittmann  (Rockwell  International  Science  Center):  Yes,  if  you  noticed  in  one  of  the  tables  where 
1 list  the  predicted  crack  radii  and  compare  them  to  the  true  crack  radii,  you  find  that  the  ex- 
periments underestimate  the  answers.  We  associate  that  partly  with  the  tightness  at  the  crack  edges, 
but  also  the  fact  that,  after  all,  the  surface  waves  impinging  on  an  elliptically  shaped  crack 
sample,  not  just  the  top  part,  but  also  the  flanks  of  the  crack  which  are,  in  fact,  narrower.  1 
think  we  will  address  that  problem  with  our  fatigue  specimens  where,  of  course,  we  can  control  the 
crack  opening  at  will. 

Gordon  Kino:  Actually  watch  it  change? 

Bernie  Tittmann;  Yes. 

Gordon  Kino:  That  will  be  nice. 

R.  E.  Green  (Johns  Hopkins);  Are  you  going  to  measure  the  crack  opening  continuously  with  ultrasound 
while  you  are  fatiguing  it? 

Bernie  Tittmann:  Yes. 
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SUMMAt<Y  COMMENTS 


John  Brinkman,  Chairman  (Rockwell  International  Science  Center):  There  is  one  item  scheduled  yet  on  the 
program  you  will  notice  called  Sumnary  Coimients.  We  would  ask  you,  we  will  promise  you,  this  won't 
be  very  long,  but  we  do  have  two  more  people  that  would  like  to  speak.  I will  tell  you,  first  of 
all,  that  the  second  of  these  is  Don  thompson.  Don's  remarks  will  be  short. 

The  first  one  is  Gary  Laurentten.  Gary  is  with  the  Naval  Ship  R 4 D Center  and  is  going  to  tell  us 
briefly,  about  the  tour  to  the  Naval  Development  and  Training  Center,  Fleet  Maintenance  Assistance 
Group-Pacific. 

Csry  Laurentzen:  The  Command  that  I am  with  is  staffed  by  about  1700  to  2000  sailors,  mostly  of  the 
senior  rates.  Although  we  don't  pursue  research,  our  purpose  is  to  try  to  develop  them  as  better 
sailors  and  provide  them  some  training  ashore. 

With  regard  to  your  own  interests,  on  the  tour  this  afternoon  we  will  back  up  a little  bit  and  re- 
turn you  to  earth,  so  to  speak.  In  terms  of  what  we  have,  we  are  using  several  nondestructive  test- 
ing techniques.  This  was,  1 guess,  a step  from  nothing  in  terms  of  what  the  Navy  was  using.  We  are 
beginning,  however,  to  use  a greater  number  of  procedures.  We  have  been  a Coimand  for  about  ten 
years  or  so.  It  was  designed  originally  in  Admiral  ZumwaTt's  day  to  try  to  give  the  sailors  a billet 
ashore  because  they  are  at  sea  all  the  time.  Then  we  decided  to  train  them  in  ship  repair  techni- 
ques. The  Command  is  really  someplace  in  between  a floating  repair  ship  and  a shipyard  because 
we  don't  have  the  real  experienced  personnel  that  a shipyard  would  have,  but  we  do  an  awful  lot  of 
similar  work. 

We  have  a nunber  of  facilities  at  the  Coimand.  These  include  testing  facilities  as  well  as  chemical 
and  metallurgical  laboratories.  These  facilities  are  central  to  other  activities  at  the  Coimand. 

For  example,  we  do  a considerable  amount  of  pipeshop  work.  One  of  the  areas  where  we  use  nondestruc- 
tive testing  is  to  determine  what  piping  needs  to  be  renewed.  We  use  ultrasonic  techniques  to  try  to 
measure  piping  thickness  sometiiies  before  it  is  removed  from  the  ship. 

Another  area  is  welding.  I would  say  50  to  60  percent  of  our  nondestructive  testing  involves  the 
inspection  of  welds.  A lot  of  it  is  done  in  the  shop,  an  imnense  amount  of  welding  is  also  done 
aboard  ship. 

A third  area  of  interest  is  the  lagging  shop.  There  has  been  much  publicity  recently  on  asbestos. 

We  are  trying  to  develop  a means  to  identify  the  presence  of  asbestos  in  lagging.  In  the  older 
ships,  the  lagging  may  contain  asbestos  which  is  used  to  insulate  steam  piping.  If  you  have  any 
ideas  concerning  identification  of  asbestos,  1 would  surely  like  to  have  that.  We  also  use  NDT 
procedures  in  our  foundry.  We  pour  some  of  the  more  exotic  alloys.  We  do  have  to  radiograph  some 
castings,  and  we  will  do  some  ultrasonics  on  them.  We  do  not  have  any  shear  wave  capabilities.  This 
is  sort  of  the  next  step  for  the  Navy.  An  additional  use  for  NOT  procedurs  is  in  oil  analysis  to 

detect  engine  wear.  The  Navy  has  quite  a campaign  now  in  attempting  to  use  this  technique  for  the 

diesel  engines  in  which  we  perform  spectroscopic  examinations  of  oils  after  every  hundred  hours  or  so 
to  detect  the  presence  of  wear  metals  and  determine  how  soon  we  may  need  to  overhaul  an  engine. 

The  corrosion  and  erosion  of  pumps  in  salt  water  environments  is  a major  problem  area  in  terms  of  ship 
maintenance.  We  are  not  doing  too  much  in  terms  of  NDE  in  this  area.  It  is  just  a matter  of  finding 
an  alloy  that  will  hold  up  under  this  type  of  environment  where  we  have  so  many  problems. 

This  has  been  a short  preview  of  what  you  will  see  on  the  tour.  1 hope  it  will  be  of  interest  to 

you.  As  I said,  we  are  not  a research  Coiitnand,  but  we  would  certainly  appreciate  any  coimients  from 

you  as  you  observe  our  work  that  would  improve  our  NDE  activities.  Thank  you. 

John  Brinkman,  Chairman;  Thank  you  Gary.  Before  I can  Don  up  here,  I just  want  to  say  I know  I speak 
for  everyone  here  and  everyone  who  has  been  here  this  week  in  wanting  to  express  our  gratitude  to 
Don  for  everything  that  he  has  done  to  make  this  conference  possible.  I learned  he  does  some  things 
that  t didn't  know  he  did.  As  a matter  of  fact,  i found  myself  with  him  on  a couple  of  occasions 
and  ended  up  doing  carpentry  work,  janitorial  work  and  a few  other  things.  Really,  Don  personally 
looks  after  everything  from  a long  time  before  this  conference  takes  place  until  a long  time  after- 
ward. I think  that  we  should  give  Don  a hand  before  asking  him  to  come  up  here  for  his  final  remarks. 

Don  Thompson  (Rockwell  International  Science  Center);  Thank  you  for  the  very  kind  remarks,  John.  I just 
have  a few  comments  to  make  in  the  way  of  acknowledgments  before  we  close.  I wish  to  thank  you  all 
for  coming  to  the  meeting.  1 wish  also  to  acknowledge  the  people  at  Scripps.  We  have  had  good 

cooperation  from  the  people  at  the  Scripps  organization.  We  also  had  a number  of  overseas  visitors 

whom  we  want  to  welcome.  I would  also  like  to  acknowledge  the  many  good  works  Interactions  that 
participants  of  this  program  have  had  with  the  ARPA  Materials  Research  Council.  Some  of  the  MRC  work, 
in  parallel  with  work  in  this  program,  has  really  been  of  importance  in  bringing  about  key  advances 
In  this  area  In  this  context  I especially  want  to  acknowledge  the  contributions  of  MRC  mentiers 
W.  Kohn,  B.  Budianski,  J.  Rice  and  R.  Thomson.  I would  also  like  to  thank  Mrs.  Diane  Harris  and 
Mrs.  Nadine  Brinkman  for  their  excellent  work  in  arranging  and  managing  the  many  details  associated 
with  this  meeting.  If  you  feel  Inclined  I think  they  are  still  outside  the  door  and  as  you  go  out 


you  might  like  to  give  them  a thanks. 


Finally,  1 would  like  to  thank  both  ARPA  and  AFHL  for  their  support  In  this  work  and  for  the  privi- 
lege of  being  able  to  present  It  at  a meeting  like  this.  The  proceedings  of  the  meeting  will  be 
published  as  an  Air  Force  Materials  Lab  report.  Those  of  you  who  are  registered  at  this  meeting 
should  receive  a copy  In  the  mall. 

Many  thanks  to  Hr.  Jim  Kelly  and  Mr.  Gary  Laurentten  of  the  Navy  In  preparing  the  tour  this  after- 
noon. I think  It  will  be  an  Interesting  tour  and  I hope  you  will  be  able  to  participate  In  It.  It 
Is  always  a revelation,  1 think,  for  a research  person  to  see  the  environment  In  which  his  product 
eventually  must  be  used.  It  Is  enough  to  make  one  throw  up  his  hands  In  despair  at  times,  but  It 
Is  a worthwhile  experience  In  the  sense  that  It  often  suggests  different  approaches  to  research  If 
you  know  something  of  the  final  geometric  and  environmental  constraints  In  which  It  has  to  be  used. 

With  that,  I think  I have  nothing  more  to  say.  I will  repeat  the  announcements  that  Mike  maoe  this 
morning.  The  desire  Is  to  hold  the  meeting  here  at  Scripps  again  next  year.  1 certainly  endorse 
that.  The  grounds,  the  surroundings,  the  climate,  the  people,  have  certainly  all  been  cooperative. 
Again,  thank  you. 
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7700  Old  Springhouse  Road 
McLean,  VA  22101 
(703)  893-5450 
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Cleveland , OH  44117 
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Thousand  Oaks,  CA  9I36U 

(805)  498-4545 

Or.  Keith  C.  MacMillan 
Lawrence  Livermore  Laboratories 
University  of  California 
Livermore,  CA  94550 
(415)  422-7929 

Mr.  Edward  Maestas 
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Or.  B.  J.  McKinley 

Lawrence  Livermore  Laboratories.  l415 
University  of  California 
Livermore,  CA  94550 
(415)  422-7974 
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LaFayette,  IN  4790/ 

(317)  493-9201 

Ms.  Kathie  Newman 
Physics  Department,  FM-15 
University  of  Washington 
Seattle,  HA  98195 
(206)  543-5074 


Or.  Louis  Odor 
Rockwell  international 
Columbus  Aircraft  Division 
43u0  E.  5tn  Avenue 
Columbus,  OH  43216 
(614)  239-2477 

Dr.  Jon  Opsal 

Lawrence  Livermore  Laboratories,  MS  L333 
University  of  California 
Livermore,  CA  94550 
(415)  422-1100 

Dr.  Harvey  C.  Palmer 
Mechanical  & Materials  Department 
The  Johns  Hopkins  University 
Charles  & 34th  Streets 
Baltimore,  MO  21218 
(301  ) 338-7U12 

Dr.  Rod  Pa nos 

Rockwell  International  Science  Center 
P.  0.  box  1085 
Thousand  Oaks,  CA  91360 
(805)  498-4545 

Mr.  E.  Papadosrankazis 

Research  & Development  Department 

General  Electric  Company 

P.  0.  Box  8 

Schenectady,  NY  12301 

(518)  385-8156 

Dr.  William  J.  Pardee 

Rockwell  international  Science  Center 

P.  0.  BOX  i085 

Thousand  Uaks,  CA  91360 

(805)  498-4545 

Mr.  John  A.  Patsey 
U.  S.  Steel  Research  Center 
125  Jamison  Lane 
Monroeville,  PA  15146 
(412)  372-1212  X2483 

Or.  Neil  Pa  ton 

Rockwell  International  Science  Center 
P.  0.  Box  1085 
Thousand  Oaks,  CA  91360 
(805)  498-4545 

Mr.  Thomas  J.  Pojeta 

Aviation  Research  & Development  Command 

Department  of  the  Army,  DRDAV-()P 

P.  0.  Box  209 

St.  Louis,  MO  63166 

(314)  268-2513 

Mr.  R.  Polichar 
Science  Applications,  Inc. 

1200  Prospect 
La  Jolla,  CA  92037 
(/14)  459-0211 

Mr.  G.  J.  Posakony 
Battel le-Northwest 
P.  0.  Box  999 
Richland,  WA  99352 
(509)  946-2138 
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Or.  Calvin  F.  Quate 
Department  of  Applied  I’hysics 
Stanford  University 
Stanford,  CA  94305 
(415)  497-0213 

Dr.  Gerard  Quentin 
Solid  State  Physics  Group 
University  of  Paris  VII 
75221  Paris  Cedex  05 
France 

336-25-25  t46-B9 

Ur.  S.  Ramasamy 

Department  of  Electrical  Engineering 
Colorado  State  University 
Fort  Collins.  CO  80573 
(303)  491-6018 

Mr.  C.  Rau 

Failure  Analysis  Associates 
750  Welch  Road,  Suite  116 
Palo  Alto,  CA  94304 
(415)  321-6350 

Or.  George  Reiter 
Ames  Laboratory 
Iowa  State  University 
Ames,  lA  500(1 
(515)  294-9162 

Professor  James  R.  Rice 
Division  of  Engineering 
Brown  University 
Providence,  RI  02912 
(401 ) 863-2868 

Dr.  John  M.  Richardson 

Rockwell  International  Science  Center 

P.  0.  Box  1085 

Thousand  Oaks.  CA  91360 

(805)  498-4545 

Mr.  Mike  Riley 
Rockwell  International 
Space  Division 
12214  Lakewood  Boulevard 
Downey,  CA  90241 
(213)  922-2111  X5I22 

Mr.  W.  Ray  Roberts 
Quality  Engineering 
Aerojet  Liquid  Rocket  Company 
Mwy.  50  A Aerojet  Hoad 
Sacramento,  CA  95813 
(916)  355-2851 

Conmander  Kenneth  Robinson 
Office  of  Naval  Research 
1030  East  Green  Street 
Pasadena,  cA  91106 
(213)  795-5971 

Dr.  Alexander  Rogorsky 
Mechanical  Engineering  Department 
Orexel  University 
32nd  * Chestnut  Streets 
Philadelphia.  PA  19104 
(215)  895-2374 

Jr.  James  H.  Rose,  Jr. 

University  of  Michigan 
Ann  Arbor,  MI 
(313)  764-4476 


Professor  Joseph  L.  Rose 
Department  of  Mechanical  Engineering 
Orexel  University 
Philadelphia,  PA  19104 
(215;  895-2295 

Or.  Wolfgang  Sachse 

Department  of  Theoretical  A Applied  Meehan 
Cornell  University 
Ithaca,  fJY  1485U 
(607)  256-5065 

Mr.  J.  J.  Schuldies 
Airesearch  Corporation 
D/93-393 
P.  U.  Box  5217 
Phoenix,  A2  85010 
i602)  2b7-<»2l3 

Dr.  Wi 1 1 iam  R.  Scott 

Naval  Air  Development  Center,  Code  30233 
Warminster,  PA  189/4 
(415)  441-3232 

Mr.  Marvin  begel 
Adaptronics,  Inc. 
westgate  Research  Park 
7/00  Old  Springhouse  Road 
McLean.  VA  22101 
(703)  893-5450 

Dr.  Allen  Selfridge 

Department  of  Electrical  Engineering 

W.  W.  Hansen  Laboratories  of  Physics 

Stanford  University 

Stanford.  CA  94305 

(415)  497-2300 

Mr.  Patrick  Serao 
U.  S.  Army  ARRADCOM 
ORDAR-QAS,  862 
Dover.  NJ  078U1 
(201)  328-6534 

Mr.  Clinton  L.  Shank 
Vought  Corporation 
P.  0.  Box  225907 
Dallas.  TX 
(214)  266-5945 

Dr.  H.  J.  Shaw 
Microwave  Laboratory 
Stanford  University 
Stanford,  CA  94305 
(415)  497-0203 

Dr.  William  H.  Sheldon 
Aircraft  Division 
Northrop  Aircraft  Company 
3901  W.  Broadway 
Hawthorne.  I A 90250 
(213)  970-3.101 

Mr.  Larry  Shepherd 

Corporate  Research  ,V  Development 

General  Llectric  Company 

P.  0.  Box  8.  Bldg,  kl . Roiim  5C19 

Schenectady,  NV  12.101 

(518)  .185-8078 


Professor  John  C.  Shyoe 

Materials  Science  S tngineering  Department 

Stanford  University 

Stanford,  CA  9430b 

(415)  497-2535 

Mr.  Stan  Silverstein 

NAVSEA  Systems  Command 

Code  6613-C33,  National  Center  #2 

Arlington,  VA  20360 

(2027  692-7949 

Or.  John  A.  Simmons 
National  Bureau  of  Standards 
B-12U  Materials  B1dg. 

Washington,  DC  20234 
(301)  921-3355 

Major  Wilbur  C.  Simmons 

Air  Force  Office  of  Scientific  Research 

Bldg.  410 

Bolling  AFB,  DC  20332 
(2027  767-4931 

Or.  G.  P.  Singh 

Mechanical  Engineering  Department 
Orexel  Un.versity 
32nd  4 Chestnut  Streets 
Philadelphia,  PA  19104 
(215)  895-2374 

Mr.  James  R.  Skorplk 
Battel le-Northwest 
P.  0.  Box  999 
Richland,  WA  99352 
(5097  946-2168 

Dr.  Kempton  A.  Smith 
Corporate  Research  4 Development 
General  Electric  Company 
1 River  Road 
Schenectady,  NY  12345 
(518)  385-8521 

Dr.  R.  T.  Smith 

Director,  NTIAC 

Southwest  Research  Institute 

8500  Culebra  Road 

San  Antonio,  TX  78206 

(512)  684-5111 

Dr.  Tennyson  Smith 

Rockwell  International  Science  Center 
P.  0.  Box  1085 
Thousand  Oaks,  CA  91360 
(805)  498-4545 

Dr.  M.  Srinivasan 

Research  & Development  Division 

The  Carborundum  Company 

P.  0.  Box  1054 

Niagara  Falls.  NY  14072 

(716)  278-2570 

Mr.  Craig  H.  Stephan 
Ford  Motor  Company 
24500  Glendale  Avenue 
Detroit,  MI  48239 
(313)  592-2044 


Hr.  Ronald  D.  Strong 

Los  Alamos  Scientific  Laboratory 

Group  M-1 , MS  912 

Los  Alamos,  NM  87545 

(505)  667-6262 

Mr.  T.  W.  Strouble 
The  Timken  Company 
1835  Uueber  Avenue,  S.W. 

Canton,  OH  44706 
(216)  453-4511  X303 

Mr.  Wayne  Stump 

Rockwell  International 

Atomics  International,  Rocky  Flats  Plant 

P.  0.  box  464 

Golden,  CO  80401 

(303)  497-2352 

Mr.  William  R.  Sturrock 
Northrop  Corporation 
3109  W.  Broadway 
MS  3882/84 
Hawthorne,  CA  90250 
(213)  970-6727 

Dr.  Tnomas  L.  Szabo 
KADC/EEA 

Hanscom  AFB,  MD  01731 
(617)  861-4663 

Ur.  Norman  M.  Tallan 
Air  Force  Systems  Command/LLP 
Wright-Patterson  AFB,  OH  45433 
(513)  255-2802 

Dr.  Stephen  Teitel 
LASSP  Clark  Hall 
Cornell  University 
Ithaca,  NY  14853 
(607)  256-3963 

Dr.  Cecil  Teller 
Southwest  Research  institute 
P.  0.  Box  28510 
San  Antonio,  TX  78284 
(512)  684-5111  X2939 

Dr.  Graham  Thomas 
Orexel  university 
Philadelphia,  PA  19104 
(215)  895-2319 

Dr.  Donald  0.  Thompson 

Rockwell  International  bcience  Center 

P.  0.  box  1085 

Thousand  Oaks,  CA  91360 

(805)  498-4545 

Dr.  R.  B.  Thompson 

Rockwell  International  Science  Center 
P.  0.  Box  1085 
Ihousand  Oaks,  CA  91360 
(8057  498-4545 

Or.  Robb  Thomson 

Institute  of  Material  Research,  Room  BJ54 
National  Bureau  of  Standards 
Washington,  DC  20234 
(301  ) 921-3814 
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Hr,  Odn<ei  fichenor 
S^noid  Ldbordtories 
Livermore.  CA  94550 
lA15)  422-3007 


Livermore 


Or.  Jerry  Tiemann 
General  tlectnc  Company 
Schenectady,  Nr  12345 
(518)  385-8667 

Or.  Bernard  Tittmann 

Thousand  Oaks.  CA  9l3b0 
(805)  498-4545 

Or.  Chen  S.  Tsai 

Oepartwnt  of  Electrical  tngineerina 
Carnegie-Mellon  University  ^ 

Pittsburgh.  PA  15213 
(412)  578-2461 

Fi"'  “«"derham 

Prat?2  ^h^^ne'y'  ‘ Center 

P-  0.  Box  2691 

West  Palm  Beach.  FL  33402 

(305)  844-7311  X3435 

Or.  Vasundara  Varadan 

l^hanics  department,  Boyd  Laboratorv 

Ohio  State  University  ‘■■*«>»-«ory 

'55  W.  Woodruff  Avenue 

Columbus.  OH  43210 

(614)  422-3531 

rt;;°^«ssor  Vi  jay  K.  Varadan 
Ohio  ^tdt6  University 
155  H.  Woodruff  Avenue 
Columbus,  OH  43210 
(614)  422-6446 

O''-  C.  F.  Vasile 

T^usand  Oaks.  CA  91360 
(805)  498-4545 

Hr.  Rolf  S.  Vatne 
ORGN.  B-6620,  HS  73-05 
„ eing  Airplane  Company 
P-  0.  BOX  3707 
Renton,  wa  98055 
(206)  237-7584 

Dr.  John  R.  M.  Viertl 

G^*er^^^ Room  5030 
General  Electric  Company 

^henectady,  NY  12345 
(518)  385-3980 

Hr.  William  M.  Visscher 

Theoretical  Division 

Los  Alamos  Scientific  Laboratory 

P-  0.  Box  1663 

Los  Alamos,  NM  87545 

(505)  667-6100 

Mr.  Steven  A.  Wallace 

P-  0.  Box  y 

U4k  Hidge.  TN  37830 

(615)  483-8611  XJ-SHOl 


Hr.  R.  0.  Weglein 
^ghes  Research  Laboratories 
3011  Haiibu  Canyon  Road 
Halibu,  CA  90265 
(213)  456-6411  X214 

Or.  David  Weinstein 

Laboratory  of  Physics 
Stanford  University 
Stanford,  CA  94305 
(415)  497-2300 

Hr.  Hichael  F.  whalen 
Adaptronics,  Inc. 

Westgate  Research  Park 
7700  Old  Springhouse  Road 
McLean,  vA  22I0I 
(703)  893-5450 

Professor  R.  M.  white 

t’ectrical  Engineering 
Elwtronics  Research  Laboratory 

University  of  California 

Berkeley,  CA  94720 
(415)  642-0540 

Mr.  George  A.  Whiteside 
00^*1**  Research  Laboratories 
2800  Indian  Ripple  Road 
Dayton,  OH  45440 
(513)  426-6000 

Mr.  A.  Whiting 

Research  Institute 
8500  Cuiebra  Road 
5an  Antonio.  TX  78206 
(512)  684-5111 

Hr.  F,  T.  Williams 
NASA  KSC 
VE-MSi’ 

Kennedy  Space  Center,  Ft  32899 
(305)  867-2039 

Dr.  Y.  H.  Wong 
Department  of  Physics 
Wayne  State  university 
Detroit,  lil  48202 
(313)  577-2720 

Mr.  Larry  Youngblood 
Rohr  Marine,  Inc . 

P.  0.  BOX  2300 
Chula  vista,  CA  92012 
(714)  575-4111 

Dr.  Frank  Yu 

Department  of  Electrical  Engineering 
w.  W.  Hansen  Laboratories  of  Phvsics 
Stanford  University 
Stanford.  CA  94305 
(415)  497-2300 

Dr.  John  K.  Zurbrick 
Aircraft  Engine  Division 
General  Electric  Company 
MS  M87 

Cincinnati,  OH  45215 
(513)  243-2154 


J.  Camahort 
A.  0.  Jonath 
Wcndall  Lehr 


Address  Unknown 
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